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I. INTRODUCTION

Volume 5 presents the design considerations and tradeoffs that
resulted in the preferred mechanization of the Voyager spacecraft sub-
systems. This volume provides the discussion designated as Part B,
Section IV of the final report format provided in JPL's statement of work.
Possible approaches to mechanization of the subsystems are defined, and
design analyses and possible implementation difficulties are described.
In general, the selections were based on Mariner approaches and the
following criteria:

1) That the system or technique performs the required
function

2) That the most simple and reliable method or approach
is utilized

3) That the technique is consistent with the 1966 conceptual
freeze date

4) That the mechanization easily interfaces with other
spacecraft functions.

Since Volume 2 contains functional specifications for each area,
the selected subsystems are not described in great detail in this volume.
The process which resulted in the preferred subsystem approach being
selected is described, and performance analyses for the selected sub-
systems are provided. Detailed analyses and background data are pre-

sented in the appendices.

Reliability is of the utmost importance to Voyager, and much effort
has been devoted to defining subsystems with this in mind. Since the
simultaneous operation of at least portions of the communications,
attitude control, and sequencer subsystems are required to maintain
ground control of spacecraft functions, the fundamental elements of these
subsystems were selected with great care. Each subsystem is described
in terms of the approach for attaining increased reliability through the

use of alternate modes and redundant components. Strong emphasis was



placed on minimizing switching and control in achieving the alternate

functions.

Section II presents the selection criteria and interface requirements
of the science payload and planet oriented package (POP). The photo-
graphic sequence and its effect on the data handling and data automation
equipment (DAE) interfaces are discussed. Considerations relating to
the use of a body-fixed POP and one with one and two gimbals are des-
cribed. A solution of the problem of bearings operating in vacuum, which
TRW has used on other spacecraft, is illustrated and applied to the POP

gimbal drive mechanization.

Design of the telecommunications subsystem is described in
Section III. The main alternates considered were the selection of trans-
mitter power outputs in the range of 10 to 80 watts with telemetry rates
between 128 and 8000 bits/sec, the use of single and double gimballed
antennas of various sizes, and sizing of bulk storage within the constraints
of present capabilities and telemetry capacity. Some of the critical
choices related to the attainment of the desired omniantenna coverage and
resolution of problems related to the use of a coherent or noncoherent

capsule link in the presence of propagation uncertainties.

Section IV describes the design of the stabilization and control
(S and C) subsystem, the central sequencer and command (CS and C)
subsystem, and the electrical power subsystem. The rationale used in
defining the suggested interface between the DAE and the spacecraft

sequencer is included in this section.

The processes used to define the structural design, the thermal
confrol system, and separation and deployment mechanisms are des-
cribed in Section V. Structural considerations that result from use of a
liquid bipropellant engine are shown and compared with similar consider-
ations for the solid engine. Also included are the structural designs for
the spacecraft using a large fixed-dish antenna (Configuration C) which

uses earth-pointing attitude control.
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Section VI describes the electrical packaging design and shows
integration of the packaging design with spacecraft structural and thermal

control considerations.

Finally, in Section VII, the propulsion subsystem design tradeoffs
are described. These are based on the three basic vehicle configurations
that were selected for design study, considering primarily the liquid
bipropellant engine versus the solid engine. Other over-all propulsion/

vehicle configuration tradeoffs are described in Volume 4.

Several pages in Section IV (Electrical Power Supply) bear infor-
mation that is proprietary to TRW. These pages are so identified in the
text and should not be reproduced or disclosed to others without the
written permission of TRW. The pages to which this pertains are 4-231,
4-232, 4-257, 4-259, 4-260, 4-261, and 4-262.

Analyses and detailed design data to support the considerations

discussed in the text are provided in Volume 5 Appendices, A through L.
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. II. SCIENCE PAYLOAD AND PLANET ORIENTED PACKAGE

1. ALTERNATIVE SCIENCE PAYLOADS

The objective in considering alternative experiments and the resulting
science payload changes is to evaluate the flexibility of the spacecraft
design concept. It is intended to become involved here neither in the
design problems of the experiment equipment nor in the selection of the
particular experiments to be included in the final payload. Consequently,
some liberties have been taken in combining worst-case conditions without
examining fully the likelihood that an experiment embodiment would exhibit

all of the features at once.

1.1 Interplanetary Environment

It appears that the next generation of interplanetary experiments
will operate on the same principles as those carried today but will be more
complex. Additional detectors and signal processing will result in higher
data rates. It had been intended to hypothesize a variety of possible sets

. of instruments to test whether the spacecraft design could accommodate

them. However, as the design evolved it became clear that all of the
major interplanetary fields and particles experiments could be accommo-
dated. Consequently, a single set of instruments, similar to those for

Mariner but with higher data rate, was chosen for evaluation (see VS-4-210).
These instruments are as follows:

a) A set of four directional meteorite detectors capable of
measuring flux, velocity, acoustic energy, and mass

b) Two solar plasma detectors
c) Four cosmic detectors

d) Three solar flare detectors (also suitable for trapped
radiation measurements

e) Two magnetometers.

A major objective for Voyager is the refinement of magnetic field
and plasma data obtained in interplanetary space. Unfortunately, the
. . magnetometers have reached the limit of the state of the art in their de-

tection threshold. The helium magnetometer flown on Mariner, for
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example, had a threshold of a few tenths y. The flux gate magnetometer
with a threshold similar to the helium magnetometer, is lower in weight,
volume and power consumption. However, it is susceptible to the acquisi-
tion of an unknown zero offset (<2Y) on exposure to large magnetic fields

prior to and during launch.

The magnetometer requires that the magnetic field of the over-all
flight spacecraft be less than 1Y at the sensor. A similar requirement
exists for the Pioneer spacecraft which TRW met by selection of non-
magnetic components where possible, by careful electronics design,
and by cancellation if components (such as the TWT) have a field that
exceeds the desired limits. These precautions resulted in a field that
was below the threshold of the test instruments (<0.2Y). Similar pre-
cautions will be required for Voyager, including the use of a boom to

extend the magnetometer away from the spacecraft.

The state of the art in flight magnetometers has provided sensi-
tivities of the order of 0.25Y, therefore, a target field of <0.25Y at the
magnetometer sensor is appropriate. In the case of Pioneer the sensor
was approximately 7 ft from the control axis of the spacecraft. The
electronics on Voyager will be about one order of magnitude more in
mass than that on Pioneer. If we assume the magnetic field will be
proportional to the mass of electronic components, then using a dipole
law, the Voyager sensor should be about 20 ft from the electronics.
Since the boom can be mounted at the edge of the solar array, a 0.25Y
field at the sensor should be obtainable with a 14 ft boom. It appears
appropriate, however, to ease the problems of parts selection, ground
loop reduction, boom lengths and over-all magnetics control. Accord-

ingiy, a boom length of 20 feet was selected for vehicle design purposes.

1.2 Mars Exospheric Environment

Basically, the same measurements made in the interplanetary

environment are also of interest in Mars orbit.
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Prior to Mariner encounter, it was thought that the planetary
magnetic field would be several orders of magnitude greater than the
interplanetary field. Consequently, the possibility of carrying two
magnetometers--one primarily for interplanetary measurements and
the other primarily for in-orbit measurements was considered. Use
of a flux gate and a helium magnetometer will permit correlation of
outputs during cruise. A fixed magnetometer with a precise angular
orientation at the edge of the solar array would be prime for the planetary
measurements and the boom-mounted instrument would be prime for
cruise., The boom-mounted magnetometer would be retractable for the
injection acceleration period but would be sized to survive deboost
without retraction. This approach still appears desirable because of
the backup feature provided. It should be possible to calibrate the
spacecraft fields by comparison of sensor outputs and by rotating the
spacecraft in Mars orbit such that the fixed sensor can provide an
uncertainty less than 1Y. Accordingly, two magnetometers are included
in the selected design. Further evaluation based on explicit Mariner
data compared with estimates of the spacecraft field at the edge of the

solar array will be required to ensure the advisability of this approach.

In addition to these instruments, a radio antenna and receiver
have been postulated. This experiment involves comparing the phase of
VHF or UHF signals with each other or with the telemetry carrier during
occultation of the spacecraft by Mars., At other times, the receiver
could be used for radio noise measurements. Means for deploying

antennas will be required for this experiment,

Several radio noise measurement experiments have been considered
such as a VLF plasma wave and EM wave experiment and a LF/MF radio

noise experiment. For these experiments, obtaining large unobstructed
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fields of view is the most difficult requirement, but a similar requirement
exists for the particle and fields experiments, and therefore the RF ex-

periments pose no special problems.

1.3 Planetary Observations

Hypothesizing the science payload for planetary observations has
largely consisted of collecting a representative list of instruments which
approximate the size, weight, and power given in the 1971 Voyager mission
guidelines and apportioning the available telemetry capacity among them.
The spacecraft design provides more than enough volume for these instru-
ments, permitting larger instruments or some additional instruments as
weight and power budgets allow. Specific interface problems are discussed

below.

1.3.1 Photographic Observations

As discussed in Appendix A, with the contemplated telemetry rates
(up to 4, 000 bits/sec) a partial map of Mars at a resolution of 1 km together
with nested high resolution pictures can be obtained during the six months
in orbit. The coverage will depend on the number of color filter pictures
taken. Complete coverage over 120 degrees of latitude could be obtained

in three colors for the sample orbit considered.

The most significant interface problems which arise from a photo-
graphic experiment are those caused by the data rates into bulk data
storage (BDS), the pointing requirements imposed on the planet oriented
package, and the complex storage and sequencing required to interleave
engineering and other data, amounting to 10 per cent or so of the total,
with the almost continuous transmission of pictures. The factors which

size the photographic experiment are described in detail in Appendix A.

The fundamental limit on the photographic experiment is the BDS
design, assuming existing state of the art tape recorders. The equipment
postulated uses a pulsed digital scan of 1024 x 1024 points, obtaining
6.3 x 106 bits/picture and a storage vidicon to permit reading into the BDS
relatively slowly. The use of a SEC storage vidicon would improve per-
formance somewhat, but such a tube é.daptable to pulsed digital scan is

felt to be a significant development problem.




Using film is extremely attractive from the standpoint of obtaining
high quality pictures with modest optics and open loop image motion
compensation (IMC). However, the uncertainty of the radiation environ-
ment that will be encountered represents a significant risk in relying on
film. Depending on the conclusions reached from the Mariner IV flight

it may be desirable to consider film for data storage.

Another storage possibility is dielectric tape. Although the perfor-
mance of this transducer approaches that of film and its development is
proceeding rapidly, some development risk would be involved in selecting

such a device.

Although the mission guidelines state that IMC would be the respon-
sibility of the experiment equipment, the preferred design for the POP
can provide 5 to 10 per cent IMC for image motion encountered at periapsis.
This performance is good enough for obtaining reasonably good resolution
for the postulated high resolution camera. Also the high resolution camera
is shown as incorporating IMC based on ground command values of pre-
dicted motion, which is also expected to be good to 5 per cent or better.
To obtain the best resolution possible under lower lighting conditions, the
experiment would require active IMC good to 1 per cent or better. This
capability was not postulated because of the complexity of such sensors
and because EPD 250 indicates a willingness on the part of experimenters
to limit the high resolution capability to lighting angles near 180 degrees,
for which 5 to 10 percent IMC is adequate.

1.3.2 Spectrometric Experiments

The experiments postulated (see Volume 2) for spectrometry generally
represent existing state-of-the-art instruments. The fields of view, the
wavelength ranges, and the wavelength scanning speed are consistent with
instruments of moderate complexity capable of diagnosing the presence of
various atomic and molecular constituents with sufficient detail to resolve
ambiguity. Quantitative photometric measurements permit estimating
scattering cross sections, absorption coefficients, fluorescent lifetime,
and the like. Generally, the spectral resolution postulated is not good

enough for determining pressure,



If there were no flight capsule, more spectral resolution would
probably be desirable. For the 1971 mission, however, it appears better
to obtain diversified coverage of the spectrum within the weight and power

allocation,
The selected instruments are as follows:

a) A vacuum UV scanning spectrophotometer covering the
range 0. 11 to 0.34p in the first order, This instrument
with its 5-inch aperture telescope, 104 spectral resolution,
and a 0.02 by 2 degree field of view is essentially the UV
air glow experiment of POGO.

b) An IR scanning spectroradiometer covering the range of
0.7 to 20 . This instrument has 6-inch optics, about
0.02 p wavelength resolution, and an 0.05-radian field of
view,
The UV spectrometer could be designed to produce 1 R resolution
at a sacrifice in sensitivity, although it is possible that the telescope

aperture could be designed to retain the sensitivity.

Consideration was given to substituting an interferometric IR
spectrometer capable of a resolution of 5 cm-l over the region 5 to 30
for the instrument postulated. However, within the weight limits of the
mission guidelines it appeared more desirable to obtain coverage of the
near IR, Thus, the more conventional scanning instrument was

postulated for the tentative science payload.

1.3.3 Radiometric Measurements

One thermal-mapping experiment has been postulated. Alternative
schemes may eventually be adopted, but requirements for thermal control,
clear field of view, and output data rates are representative of a broad
range of potential mechanizations. The selected instrument is an IR
multichannel scanning radiometer covering the visible and near IR, the
water vapor bands, and the far IR, This instrument has a resolution

varying between about 0.5 and 3 mr and a scan line length of 50 mr.

1.3.4 Photometric - Meteor Flash

In addition to the complex scanning instruments, it seems appropriate
to incorporate a simpler photometric experiment. Such an experiment

requires a more continuous pointing at Mars and produces data at a lower
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rate over longer periods of time than the others listed above. At the
same time, as shown in Appendix B, monitoring the vacuum UV bands
appears to offer great potential for obtaining useful statistical data on
meteors in the Mars atmosphere. The instrument selected is an UV
photometer meteor flash detector. This instrument operates in the 0. 25
to 0.3 p and 0.3 to 0.45 p bands with 30-degree fields of view and 2. 3-inch

diameter optics.

1.3.5 Alternative Planet Observation Experiment

One alternative which would require relatively major changes in the
POP configuration has been suggested by Eastman Kodak Company. A
single layer aperture (say 12 inches) reflecting optical system could be
used at the central few degrees of the field for obtaining very high resolu-
tion photographs (order of 10 meters), with the surrounding segments of
the field (say between 5 and 10 degrees) used for spectrometric and radio-
metric measurements with an order of magnitude improved spectral resolu-
tion. The basic telescope would probably weigh about 100 pounds making the
the planetary observation sensors weigh 150 instead of 90 pounds. How-
ever, some such technique may be the only way to achieve photographs
approaching 5 meters' resolution. Since this type of alternate could use
up most of the available weight margin and implies the development of all
these experiments by one contractor (a significant departure from the
experimenter-oriented methods of the past), this alternative has not been
considered in our spacecraft design. However, the balanced gimbal POP
concept recommended provides a basic design capable of accommodating

such a change as this without major redesign.

1.4 Spacecraft Flexibility

The recommended spacecraft design provides a large (& 60 ft)
circumference. At any point on this disk, sensors can achieve solid
angle fields of view of greater than 27 steradians with the flight capsule
attached and nearly 4rm steradians after capsule separation. Consequently,
within foreseeable growth possibilities, such factors of two or three in
weight, the planetary and interplanetary observation experiments of the
Voyager 1971 spacecraft science payload are limited only by the degree to
which weight reserves are made available for power supply and for the

experiments themselves,
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The recommended design of the POP provides additional volume,
spare leads, and excess heat dissipation capacity to permit adding (about
25 per cent) to these instruments, As mentioned in Section 1. 3.5,
although signiticant changes could require redesign of the POP, the space-
craft concept provides the flexibility to accommodate such an increase if
the overall weight allocation is available, The limit on weight in the POP
will probably be established as much by c.g. control problems as by any
other factor. However, sufficient weight allocation to permit the use of

counterweights could solve this problem too.

In accordance with the description of the data automation equipment
(DAE) given in the mission guidelines, it has been assumed that the DAE
has a number of built-in sequences plus the capability to accept new pro-
grams from the command and sequencing system. The data sequences
contained in Figures 3,5-1, 3.5-2, and 3.5-3 of VS-4-210 (Volume 2) are
based on the assumption that the DAE formats the photographs in the BDS
so that blanks occur at times at which transmission of other data is planned.
An alternative method, that of stopping and starting the tape recorder, has
not been postulated for normal (short) interruptions except under failure
mode conditions. See section III. For long interruptions in the picture

sequence the tape recorders are assumed not to run.

1.4.1 Telemetry and Data Handling

Equipment used for video and IR mapping and imaging imposes the
greatest demands on the telemetry and data handling subsystems. Changes
in sequencing, scan rates, and resolution can significantly affect the data
storage format and write-read requirements in the bulk data storage

system and determine the data transmission rate requirements.

The proposed telecommunications and data handling subsystems are
sized for a data transmission rate of 4096 bits/sec, corresponding to a
total data capability of ~ 2 x 108 bits/orbit. This allows a mapping mission
to be performed, using a tricolor television system at a ground resolution
of 1 km, and also allows simultaneous thermal mapping at a resolution of
a few kilometers. Nesting high resolution (~ 50 m) TV pictures can also
be obtained by time sharing the data storage capability. The system design

assumes that images can be stored on the TV sensors for 30 to 40 seconds.
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Changes in the selection or operation of other experiments do not
significantly affect the telemetry and data storage subsystems, since ade-

quate buffering is provided by a core storage in the data handling subsystem.

1.4.2 DAE-Spacecraft Sequencer Interface

Two definitions of the interface between the DAE and central
sequencer and command (CS and C) subsystem are hypothesized and exam-
ined in Section III-2 of this volume. One definition is that the spacecraft
sequencer simply passes ground commands and data to the DAE and has
no further participation in science sequencing. The other definition is that
the DAE decodes incoming commands, but virtually all are transmitted at
the time of execution and the DAE is not required to have an extensive
memory. It is found that the spacecraft sequencer can accommodate the
second approach by simply doubling its memory. Since this appears to be
the maximum task that is required of the CS and C and since it can easily
be performed, the subsystem sizing is based on this requirement. Clearly,
any requirements between these extremes can be accommodated by the

selected design.
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2. PLANET ORIENTED PACKAGE

Part of the Voyager science payload will be contained in the planet
oriented package (POP) incorporating those experiments that require
articulation with respect to the spacecraft body. The instruments and
selected POP design are described in Volume 2. The alternate mechan-
izations and considerations that led to that design are discussed in this

section,

2.1 Design Requirements and Objectives

The POP provides a minimum of 8 cubic feet for mounting science
experiment equipment (SEE) with an area of 6 square feet perpendicular
to the nominal line of sight. All equipment requiring Mars visibility will
have access to this common face. The structural design of the POP will
provide pointing precision for the SEE in both a zero- and one-g environ-
ment without realignment or compensation and with an equipment weight
of 100 pounds. An objective is to obtain full coverage of Mars from

any point in the orbit when the spacecraft is in the normal cruise attitude.

Provisions for mounting the SEE will consist of a single center
located equipment-mounting shelf parallel to the viewing direction
(Figure 2-1).

EXPERIMENTS ENCLOSURE
REMOVABLE
APERTURE
PLATE

GIMBAL
TRUNNION

.0
Sk o EXPERIMENT
L= MOUNTING

ENCLOSURE NE= PLATFORM

Figure 2-1. Plant Oriented Package
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The shelf provides rigidity between instruments, insuring alignment
integrity. Mounting provisions are available for equipment installation
on both sides of the shelf. This method of mounting will provide a means
of attaching numerous SEE with a maximum frontal area for sensors.

It also maximizes access room and keeps cable lengths to a minimum,

The accuracy of the POP pointing and spacecraft attitude control
system will be such that each axis of the POP will be pointed at the
center of Mars or a selected spot on the surface of the planet with an
accuracy of 0.5 degree and a maximum rate of 10_4 rad/sec. These
requirements are based on obtaining no more than 10 per cent overlap
on 5 x 5 degree pictures and maintaining image smear rates caused by
attitude rates to values commensurate with orbital velocity smear rates
(see Appendix A). Exposure of high speed elements of the pointing drive

to vacuum is avoided,

2.2 POP Mechanizations Considered

POP configurations having no gimbals, one gimbal, and two
gimbals have been evaluated in terms of operational utility, vehicle
interface, and implementation complexity. In addition, two gimbal sub-
systems have received fairly detailed design consideration involving
equipment layouts, gimbal and drive design, and evaluation of design
difficulty. The tradeoff factors associated with over-all POP design are
discussed in the following paragraphs; mechanization techniques are

covered in later subsections.

2.2.1 Body-Fixed POP

A body-fixed POP is possible if the pointing is accomplished by
using the attitude gyros for reference and torquing to the required
attitude. The basic reference would be provided by sun-Canopus
attitude and the vehicle would be required to return to that attitude every
2 or 3 hours to reset the gyros. This is the simplest system, at least
in terms of the POP, but it is also the least accurate for general pointing
because of gyro drift and torquing errors. All of the required orientation

components are already available in the attitude control system.
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However, normal use of this technique introduces considerable complexity
in the central sequencing and command (CSand C) subsystem and in the high
gain antenna pointing requirements if efficient utilization of communica-

tion time is achieved.

Another method of pointing uses body-mounted horizon scanners,
A difficulty of this method is that provisions have to be made to enable
offset pointing if it is desired to point away from the center of the
visible surface. This can be done either by biasing the horizon scanner

outputs or by gimballing the horizon scanner.

2.2.2 Single-Gimballed POP

A single gimballed POP was seriously considered for Configuration
C, which has a large body fixed antenna pointed along the roll axis
toward the Earth. For this configuration, spacecraft roll does not
require change in antenna pointing. Hence, the functional replacement
of one POP gimbal with spacecraft roll is attractive. The gimbal axis
would be parallel to the vehicle yaw axis. A horizon scanner would
provide the roll attitude and gimbal angle reference. Pointing in
directions other than the center of Mars would be achieved by biasing
the horizon scanner output. An alternate (backup) approach would be to
use the Canopus sensor or a special star sensor with a wide slit field of
view to update the roll attitude based on star recognition (on earth) as
they pass the sensor field of view with gimbal angle controlled by
command. Because of the variation in orbital rate during the orbit,
attitude control gas requirements increase unless a reaction wheel in
the roll attitude control channel is included. Configuration C (see
Volume 4) shows the system. A single gimballed POP could also be used
for a solar pointing spacecraft but has been dropped on the basis of the

additional antenna pointing complexity.

2.2.3 Double-Gimballed POP

With a double-gimballed POP the vehicle can remain sun-Canopus
oriented and a gimbal arrangement devised such that the entire planet

can be viewed at any time. Such a gimbal arrangement, indicated in
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' Figure 2-2, imposes the fewest constraints on the CS and C, the antenna

pointing program, and the stabilization and control system.

1 o HINGE ANGLE
1 B SHAFT ANGLE

|

|

VIEWING
AXIS FOR ~
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STOWED
POSITION

/ I
SUN-CANOPUS 7\
PLANE

. CANOPUS '@'

Figure 2~2. Conceptual Double-Gimballed POP

2.2.4 Comparison of POP Gimbal Arrangements

The POP control and gimbal techniques just described are
compared in Table 2-1 on the basis of simplicity, accuracy, and the
availability of backup or alternate modes of operation. For the accuracy
evaluation the following component errors were used in the various

system configurations, All errors are assumed to be 3 values.
e Canopus-sensor accuracy, 0.1 degree
e Fixed gyro drift, 0.4 deg/hr
e Gyro torquer (and power supply) scale factor, 0.1 per cent

e Gyro, sun sensor, canopus sensor alignment to TV
camera LOS, 0.2 degree

® Sun-sensor accuracy, 0.1 degree
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e Horizon-scanner accuracy, 0.4 degree

e Attitude control system dead zone, 0.25 degree

e Horizon scanner scale factor uncertainty, 8 per cent
e POP gimbal drive error, 0.3 degree (each axis)

These errors are considered typical values that can be obtained by
careful design but are not necessarily the best achievable. The accuracy
estimates do not include pointing errors because of uncertainty in vehicle

orbital position, a significant factor the first few days in orbit.

The complexity factors shown in Table 2-1 refer to the complexity
of the instruments required for pointing and do not include complexity
introduced in other subsystems. These factors were determined by
assigning one point of complexity to each gimbal and drive (POP or
horizon scanner) and one point to each ungimballed horizon scanner. If
continuous or nearly continuous Mars pointing is required, it is felt
that the additional complexity in the sequencer and DAE required for the
body fixed or single gimbal system nearly offsets the simplicity of these
approaches. Therefore, pointing system complexity alone is not a basis

for selection.

As far as accuracy is concerned, all systems are nearly the same
except those that use a bias in the horizon scanner output to provide
offset pointing. This is brought about by the 8 per cent uncertainty in

scanner scale factor.

For the body mounted or single-gimballed platforms, periods of
relatively high body or gimbal angle rates may be required for some
orbit inclinations. Also, these periods are likely to occur near
periapsis, at which time picture-taking operations occur and the best

accuracy is required.

System 6 (two gimbals) is capable of performing all of the required
operations with a minimum of interaction with other spacecraft sub-
systems. Its accuracy is compatible with the system requirements and

it imposes no restrictions on picture-taking time and does not require
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time - consuming sequence to arrive at the required attitude, It also can
easily accommodate image motion compensation in the pointing commands,
This approach was selected for the baseline design. Although the
television experiment will require only brief periods of Mars pointing,
some of the instruments will require pointing for long periods. To avoid
having to sequence pointing commands continuously for these periods,

use of horizon scanners is desirable. For this reason, they are

included and the POP will have both closed loop (horizon scanners) and
open loop (gimbal angle commands) modes of control. These modes will

be selectable by ground command.

2.3 Boom-Mounted Double-Gimballed POP

A two-axis boom-mounted system which provides a capability for
unlimited fields of view is shown in Figure 2-2, This POP is mounted
on a hinged shaft, the hinge located on the outer edge of the solar panel
to enable rotation to both sides of the panel. The hinge allows the POP
to be swept through + 90 degrees. The shaft would then be designed to
allow the POP to be rotated through + 180 degrees. The shaft is of
sufficient length to give full visibility over the equipment section of the

spacecraft.

2.3.1 POP Drive Mechanization

Except for the requirement for a cable wrapup instead of an RF
joint, the drive mechanization for the boom-mounted double-gimballed
POP is identical to that for the high gain antenna (see Section III-1).
Both consist of an integral yoke and shaft drive system using sealed
wabble gear drives and AC motors. The gimbal angle rotations and
general mounting arrangements are as indicated in Figure 2-2. The
general vehicle layout shown reflects configuration A-2, which is not

the preferred design.

2.3.2 Operational Considerations

The long shaft which enables viewing over the spacecraft equip-
ment compartment requires that the boom-mounted POP be stowed and

latched during launch and orbital injection an undesirable feature of this
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approach. It may be desirable to use the television cameras or an
approach guidance sensor prior to injection; if so, the added requirement
to relock the platform prior to injection is a serious deficiency. In
addition, design studies showed that it is unreasonable to design the
drives to support the POP fully extended in a 1-g field. Therefore
special provisions have to be made to test the platform drives at less
than 1 g. For these reasons this approach was not selected although

its flexibility and ability to handle a variety of orbits is desirable.
Instead an approach was devised in which the unbalanced moments
restrained by the drives are nominally zero, This system is described

in the remainder of this section.

2.4 POP Design Considerations

Figure 2-3 shows the selected POP configuration and general
equipment arrangement. Its over-all weight is 125 pounds, including
the science instruments. A honeycomb center shelf provides support
for all instruments using top and bottom mounting. Access covers are
provided in the top, bottom, and rear of the compartment. To avoid
feed-through bolts which could interfere with equipment on the opposite
face of the shelf, the instruments are mounted to inserts bonded into the
honeycomb. TRW has used this mounting approach with success on
Pioneer and OGO and has encountered no difficulty with honeycomb

panels of this size.

The instruments with the largest fields of view are mounted on the
side of the compartment away from the solar array to allow the largest
possible gimbal rotation before the solar panel obstructs their view.
Conversely, it is desirable to locate the television cameras closest to
the array to maximize the shading of their apertures, which is desirable
since they are generally not used when the POP is pointing in the general

direction of the sun.

2.4,1 Fields of View and Coverage

As shown in Figure 2-3, the instrument package is supported by a
fork on the end of a rotatable shaft. The shaft permits 1 180 degrees of

rotation and the fork permits + 135 degrees to provide coverage of
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somewhat more than a hemisphere, as limited by the spacecraft body or
solar panels. The shaft is supported by bearings contained in two
housings which are fixed to the spacecraft structure. The shaft angle

is set at 22.5 degrees relative to the solar panel, placing the shaft nearly
normal to the orbit plane when the spacecraft is in the sun-Canopus
attitude. This arrangement permits viewing any point on the visible
surface of Mars from any point of the orbit. For most viewing conditions
the field of view is perpendicular to the shaft axis, this requiring near
zero rotation for the fork angles. To keep the fork angles zero the ideal
configuration would be to align the shaft axis perpendicular to the Mars
orbit. However, nodal regression can change alignment within a few
months by 10 to 20 degrees depending on the orbital characteristics so
there is no reason to attempt to obtain exact normality. Fork angle
excursions within + 20 to 30 degrees would cover the majority of arrival
conditions at Mars and orbital inclinations typical for the mission. The
large unobstructed field of view for the POP assembly is in the
direction of the daylight portion of the planet. A detailed description

of the orbital considerations and coverage provided by this system is

,
/
SPACECRAFT /
,
/

STRUCTURE

given in Section III-5 of Volume 4.

GIMBAL
SUPPORT
STRUCTURE

pOP

GIMBAL

Figure 2-3. Selected POP Configuration and
General Equipment Arrangement
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2.4.2 POP-Mounted Instruments

Typical POP-mounted science instruments consist of the
following:

e Photographic experiment, high resolution television
low resolution television

® Meteoroid flash

e IR scanning spectrometer
e UV spectrometer

® Scan radiometer

The present design is for 89 pounds of instruments, but heavier weights
could be accommodated. In addition to the experiments, the POP will

mount the Mars horizon scanner.

2.4.3 Thermal Control

Of the oriented experiments, the television optical systems place
the greatest demands upon the thermal design. The high resolution
optical systems require a nearly uniform temperature in order to main-
tain optical resolution. The Mars scanning radiometer requires a
fairly uniform temperature since it has an image-forming optical
system. The remaining experiments have temperature level but not
temperature gradient requirements. Most of the POP will be shaded
from the sun by the solar array. Because of this and the rather large
heat leaks through the optics, a thermal radiator will not be required.
With thermal conductance mounts and multilayer radiation insulation,

a 25-watt heater will be required to maintain average package tempera-
ture between 0 and 85°F. For a detailed analysis of POP thermal

requirements, see Section V-2,

2.4.4 Gimbal Drive

POP gimbal drive design requirements are as follows:
a) Pointing accuracy relative to spacecraft, +0. 25 deg

b) Angular tracking rate, 3 mr/sec
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c) Slew rate, 10 mr/sec
d) Angular acceleration, 0.6 mr/secz
e) Cable wrapup required for 100 wires
f) Angular freedom:
shaft axis, 1180 degrees
package axis, i135 degrees
g) Mass imbalance, 8 ft-1lb without tumbling

h) Stall conditions. The drive must withstand stalled
conditions without internal damage.

i) Seals. High speed elements sealed in a pressurized
atmosphere.

a. Gimbal Motors

The drive systems considered were: 1) a DC direct drive
torque motor, 2) a DC torque motor and gearing, 3) a stepper motor,
and, 4) an AC servomotor with gearing. A DC motor coupled directly
to the lead gives the theoretical maximum load acceleration. From
size and weight considerations, however, a small 400-cps motor with
a large gear ratio has a definite advantage, and thus a compromise is
indicated. Since high accelerations will not be encountered, a direct-
drive DC motor is not a logical choice. In fact, because of the
problems associated with brush life, RFI, and magnetic fields the
selection of any DC motor is not indicated even when used with

appropriate gearing.

Direct-drive using stepper motors cannot be considered
because of the prohibitive size and weight of the motors required and
the fact that the required system resolution cannot be obtained without
gearing. Stepper motors used in conjunction with appropriate gearing,
however, offer some desirable characteristics. The size, weight,
power, and gear ratio requirements closely approximate those of an
AC servo-motor drive system while the response and speed regulation

under varying load conditions are superior. In addition, the stepper




motor is particularly adapted to digital control. The undesirable
characteristic is the lack of information on which to estimate the
possibility of long life, and for this reason a stepper motor is not
recommended. In addition, the stepper motor requires relatively
complex drive circuitry compared to that required for an AC servo-

motor.

An AC-servomotor drive system appears to be the logical

choice for the following reasons:

1) AC servomotors are free from the undesirable features
of DC motors, namely brush life, RFI, and high
stationary magnetic fields.

2) AC servomotors are rugged and reliable and control
circuitry is highly developed for either proportional
or on-off control.

3) The drive mechanism of the AC servomotors can be
made into a relatively compact package although the
high speed components must be sealed and pressurized
to prevent exposure to the space environment,

b. Sealed Drive Selection

Three small, light-weight candidates are available which

fall into the category of sealed rotary drives:

1) Spur Gear Drive, similar to that developed by Kearfott
for JPL.

2) Harmonic Drive, developed by United Shoe Machinery
Corporation.

-~

3) Wabble Gear Drive, developed by TRW Systems Group
and used on OGO,

Table 2-2 summarizes the relative tradeoffs for the various candidates.
The two most appropriate drives in terms of over-all packaging are the
wabble gear and the spur gear drives. Because of its simplicity,
sealing provisions, and proven space performance, the wabble gear is
preferred. The wabble gears are similar to those developed for the
drives for the OGO solar array and experiment package. During the

OGO program these drives were subjected to environmental and
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Table 2-2.

Sealed Drive Packaging Tradeoff Summary

Tradeoffs
Reliability
Number of Gears Packaging
Sealed Drive Based on 100:1 Number of and Gimbal
Candidates Reduction Rotating Seals Compatibility
None Internal design
Wabble gear Gears: 2 Uses bellows moderately

(Preferred)

Harmonic
drive

Spur gear
drive

Gears: 2

Gears: 8

(Based on 4:1
reduction per
gear mesh)

and static ""O"
ring or herme-
tic seals

None

-Uses thin flex-

ible metal
tube hermeti-
cally sealed

Two sets of
"O'" ring
seals

simple, pack-
ages extremely
well with
gimbal

Internal design
moderately
simple, difficult
to package with
gimbal, requires
additional gears
and bearings

Internal design
moderately
simple, can be
designed to
package well
with gimbal
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performance testing and were operated beyond 10, 000 hours in vacuum.
On OGO I, launched September 5, 1964, and last interrogated on
May 27, 1965, the units operated properly upon command.

Figure 2-4 shows a typical OGO sealed drive mechanism.
Sealing is accomplished by two bellows installed between the nonmoving
parts of the mechanism and the driving gear. The unique feature of the
drive mechanism is the use of a pair of specially-cut wabble gears for
the output stage. Action of the bearing carrier and a tilted bearing
internal to the unit produces a nonrotating conical nutation (or wabble)
motion of the driving gear at the end of the main bellows. This motion
causes rotation of the output gear and shaft by sequential engagement

of a limited number of gear teeth,

MOTOR AND GEARHEAD _ CEARHEAD PINION

= \BL?.EEG CARRIER
\% == SR
Sy L=

. 0y
0 S8 %

X .'E(,/ &’il'
3N 4

o T gl
\‘\.‘ / LT

MOUNTING

W/ @\
TILTED BEARING & /R \
BEARING CARRIER Yl \/

OUTPUT GEAR

DRIVING GEAR

Figure 2-4. Wabble Gear Drive

c. Shaft Position Encoder

Two types of analog devices, the potentiometer and the
resolver, were considered for possible use in control of the shaft
position. Although potentiometers can be obtained which approach the

required resolution and accuracy, they depend on brushes for electrical



contact between the stationary and rotating elements. Brushes are
susceptible to shock, vibration, and wear. The requirements for long
life, high resolution, and continuous rotation dictate the use of a film
type potentiometer. The complete mechanization using potentiometers
becomes rather involved. D-to-A converters will be required to convert
the command signals to analog form. Also, an A-to-D converter will be
required to convert and hold the potentiometer outputs for telemetry.
Since the telemetry word length is 7 bits, this information will require
two telemetry words. For these reasons and because of the extreme
care required to meet the accuracy and linearity requirements, the

potentiometer pickoff was rejected.

Resolvers eliminate the need for mechanical contact between
the stationary and rotating members by depending instead on magnetic
coupling. The resolver produces two outputs which are sine and cosine
functions of the shaft angular position. However, both outputs are
needed to provide unambiguous position information, and complex

electronic circuits are required.

Digital shaft position encoders are basically of four types.

These include:

1) Brush, in which readout is effected conductively through
brushes making contact with a segmented disc

2) Magnetic, in which readout is effected magnetically
3) Capacitive, in which readout is effected electrostatically

4) Optical-photoelectric, in which readout is effected by
photoelectric means.

These types can be further divided into devices in which successive
increments of position are not identified and therefore must be counted
and devices in which successive positions are uniquely coded so that

absolute position information can be determined directly.

Since the resolution required is 0.1 degree or better, the
direct reading encoders must produce 12 bits of information. These

encoders are subject to errors that arise from incorrect relative
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positioning of multiple tracks, from optics which use brushes or mag-
netic or capacitive sensors to read these multiple tracks, and from
radial misalignment of an indexing assembly., Brush devices also

have multiple brush problems and the photoelectric devices require
light sources of questionable long life; the capacitive devices are
sensitive to noise, and the magnetic devices produce rotating permanent

magnet fields.

The incremental encoder represents the simplest type of
encoder, usually consisting of a rotating disk having a single track of
equally spaced segments and a suitable sensing member. The data is
derived in increments and must be accumnulated in external circuitry
to represent shaft position. The direction of shaft rotation is obtained
by using the output of a second pickoff displaced in phase 90 degrees
from the primary output. By operating logically on the outputs of the
two pickoffs direction of rotation can be determined. A disadvantage
of using incremental encoders for position determination is that errors
generated by noise transients, power failure, and other sources are
accumulated. However, with the addition of reference points, another
pickoff to the encoder, and provision for resetting the reference, these
accumulated errors can be eliminated. Because of its simplicity the

incremental shaft encoder was selected.

d. Drive Electronics

The drive electronics for the POP are dictated by the
accuracy requirements and the type of shaft encoder. The electronics
for both drive channcls is shown in Figure 2-5, Two modes of control
for the POP orientation will be selected by command from the space-
craft sequencer. The closed loop mode will point the POP at Mars in
response to signals from the Mars horizon scanner, and open loop
control will provide for positioning by ground commands programmed

by CS and C. In open loop control, a digital signal from the CS and C
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corresponding to a shaft position command is loaded serially into an up-
down counter register. The logic compares the digital words in the
command register with the word in the shaft angle register and generates
a signal to drive the motor in the required direction. Preliminary
dynamics studies indicated that the drives can provide pointing errors
less than 1.5 mr with a steady-state rate variation less than 0.1 mr/sec

when subjected to a 3 mr/sec command.

CSANDC
COMMAND
LEVEL
DETECTOR
400 CPS
POWER
TWO-PHASE MARS
FROM COMMAND MOTOR |
CSAND C— | REGISTER Logic DRIVER 400 Crs —T— SENSOR
TACHOMETER -—f
o 1 N6 cw=cew POSTION fme- —
TELEMETRY REGISTER LOGIC ENCODER

Figure 2-5. POP Drive Electronics Block Diagram

When (in closed loop control) the output signal from the Mars
horizon scanner is fed into a level detector, and when the error signal
exceeds a predetermined level, the level detector will trigger the
motor driver, which will in turn apply two-phase, 400-cps power to

the drive motor.

In either mode of operation the output of the shaft position
encoder will feed an up-down counter register to accumulate the

absolute shaft position angle for telemetering back to earth.

e. Mars Horizon Scanner

The initial studies of the radiometric character of Mars and
its atmosphere have led to the selection of the planetary disk itself,
rather than an atmospheric absorption disk, as the best known and
most suitable optical reference to be used for infrared attitude sensing

and control for a vehicle orbiting the planet. As discussed in




Appendix L, the wavelength region beyond 20 microns has tentatively
been chosen, both because the variation of radiance with temperature
difference is smaller in this region and because more energy is available
than at shorter wavelengths in the expected temperature range. In
addition, it was desired to avoid interference from atmospheric CO2
radiation, The 20 to 35 micron region will require the use of silicon
optics, but both of the principal vendors have manufactured flight hard-

ware using silicon optics.

The possible variation in radiance across the face of the
planet is in the order of 4 to 1 for even the most favorable wavelength
region. For this reason the accuracy requirements immediately
eliminate the simple radiation balance type of sensor, since the total
radiation from one half of the planet can greatly outweigh that from the
other half. Devices have been breadboarded and tested which eliminate
radiance variations to the first order by dividing the detector array and
processing the output to compensate for variations. Accuracy of better
than 0.5 degree from 4 to 1 radiance variation have been claimed.

In addition, the large angular variation makes the radiation balance
instrument mdre difficult to design since a signal range of about 50 to 1
must be accommodated. We are thus restricted to scanners which in
one way or another detect the geometrical edge of the planetary image.
Five classes of instruments presently exist or are under development
which do this.

Conical scanners

Rosette scanner

Edge trackers

Sector scanners
Electronically scanned arrays

Table 2-3 presents a comparison of the characteristics of most
of the horizon scanners that are flightworthy or in advanced development

today. The qualification status of the instruments is indicated in the table.

Edge Trackers. Edge trackers which can accommodate the

required angular range have been built and operated successfully in
space. The mechanical reliability of such devices will depend strongly
upon the specific mechanization used. The ATL device uses a flexure
pivot to dither the field of view across the edge of the planet. The dither

of about + 2 degrees is about a deflection of the flexure pivot necessary
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to accommodate the angular span of the planet. The OGO scanner can
be deflected to + 22.5 degrees (mechanical) on either side of null. An
examination of the quoted material properties indicates that for such
large deflection angles the flexure pivot is being operated beyond the
fatigue endurance limit. However, if null is designed to be at the
average angle subtended by the planet, such excessive stress will be

avoided and the pivot will operate well below the endurance limit.

Thus, the flexure pivot edge tracker has the advantages of
offering adequate instrument accuracy, good potential reliability, and

a history of having flown successfully.

Edge trackers in general are sensitive to radiometric
anomolies such as cold clouds near the edge. This constitutes a dis-
advantage, but one which appears less serious for the relatively cloud-

less climate of Mars than for earth,

Both the edge tracker and the rotating scanners automatically
provide a chopped radiation signal which helps to reduce sensitivity to
radiation from the surroundings. The presence of chopped radiation
also permits the use of thermistor bolometers with their relatively high
sensitivity and short time constant. Only a single detector is used, so

matching of detectors is not required.

The Barnes Engineering edge tracker uses a tuning fork
principle for dithering the scan field across the edge of the planet. This
results in a rather small angular shift and makes locking onto the edge
of a cold cloud a possibility, Barnes has tested a laboratory
model of the same basic scanner configuration which uses the frustrated
internal reflection principle rather than the tuning fork dither to provide
a field shift of 10 degrees.

Characteristics of Lunar-Planetary Horizon Scanner. An

electronically scanned array Lunar-Planetary Horizon Sensor (LPHS)
was developed by Barnes Engineering for JPL., Data indicates that
analogue interpolation is necessary to meet the accuracy specification.

The angular range can readily be met by this scanner., The power and



weight are expected to be reduced very shortly by the use of field effect
transistor chopping rather than light modulation chopping. Laboratory
tests of FET switching have proved encouraging. The prime advantage
of this device is its ability to do the job without the use of moving parts.
Disadvantages are the necessity for matching large numbers of thermo-
couples in the array, the very small signals developed by thermopiles
and the necessity for incorporating an offset heater to take care of the
problem of negative output signals generated by radiation into space

by elements not looking at the planet. As in all devices in which the
radiation is not chopped, temperature gradients within the structure

are more critical.

Edge Tracker versus LPHS with Respect to Mission Require-

ments. If a selection of scanners must be made at this time, one would

have to choose the OGO-ATL scanner because of its development status.
However, both the Barnes edge tracker using the frustrated internal
reflection modulator (FIRM) and the Barnes LPHS with analogue inter-
polation are attractive although further development is necessary. The
latter is especially attractive because of its lack of moving parts; it
does not presently have the required accuracy but the vendor has
indicated that accuracies of + 0.25 degree are feasible. The develop-
ment of these units must be followed carefully during Phase I-B to

establish their status in relation to the 1966 development freeze date.

f. Additional Design Considerations

Cable Wrapup. It presently appears that two cable wrapup

assemblies will be required to accommodate wires from the POP. Each
assembly will consist of approximately 50 wires grouped together in flat
ribbons and curled between two discs. A cover will be provided to
shield the wires from direct exposure to space environment. This

technique is presently being used successfully on OGO,

Lubrication. The gimbal bearing and drive units will employ
the same proven lubrication techniques which were developed and used
on OGO, All exposed slow-moving elements will be plated with low-

shear precious metal and impregnated with molydisulphide.




IIl. TELECOMMUNICATIONS SUBSYSTEM

The Voyager spacecraft telecommunications subsystem performs
two essential roles. It maintains an adequate two-way link between the
spacecraft and the earth for tracking, telemetry, and command and as
well keeps contact with the capsule after it separates from the spacecraft
and lands on Mars. Data received from the capsule is then relayed to
earth over the earth-spacecraft telemetry link. The discussion of the
subsystem here first concerns itself with the studies that have led up to
selected configurations for both of these roles. Next, the performance
analyses that supported the communication subsystem design effort are
reviewed. Tradeoff studies covering specific items in the subsystem are
finally discussed, first with respect to antennas and then with respect to

transmitters, receivers, command detectors, RF switches, and diplexers.
1. COMMUNICATIONS

1.1 Earth-Spacecraft Communications

1.1.1 Functions

The requirements of the earth-spacecraft communication link are as

follows:

a) Telemetry. Transmit the output of the data handling
subsystem (engineering and scientific data) from the
spacecraft to the Deep Space Network (DSN) stations.

b) Command. Receive and process commands from the
DSN stations and deliver detected command bits to the
central sequencer and command (CS and C) subsystem.

c) Ranging. Receive, demodulate, and retransmit the
DSIF ranging code signal.

d) Range Rate. Receive, coherently translate, and re-
transmit the RF signal transmitted from the DSIF.

The above functions are required at ranges up to encounter plus { month

(2.3 x 108 km) and an objective of the design is to provide significant capa-

bility at encounter plus 6 months (3. 8 x 108 km).



1.1.2 Baseline Antenna Configurations

The baseline communication subsystem for spacecraft configurations
A and B (see Volume 4) utilizes two antennas, a fixed low-gain antenna
and a high-gain, double-gimballed antenna. Configuration C utilizes three

antennas, high, medium, and low gain.

A fixed, broad coverage, low-gain antenna is required for early
postlaunch coverage and is desirable to permit critical command capability
for the entire mission independently of the spacecraft orientation capability.
The requirements for a low-gain antenna are essentially identical for the

three spacecraft configurations.

In Configurations A and B the nose fairing and spacecraft structure
arrangement constrain the size of the high-gain antenna to a maximum of
about 6 feet. With two-axis gimbal actuation the antenna can be utilized
during cruise and maneuver to keep the beam directed toward the earth.
With Configuration C, however, a body-fixed, 16-foot fixed parabolic dish
antenna can be incorporated, a capability which, in fact, is the principal
advantage of this configuration. With a fixed antenna, earth pointing is

accomplished by the vehicle attitude control system.

To communicate while in maneuver attitude, Configuration C re-
quires an additional antenna with +90 degrees of freedom about one axis
(assuming the spacecraft can roll to an arbitrary angle). It is desirable
to keep the beamwidth of this additional antenna as broad as possible com-
mensurate with adequate communication margin at encounter range to
minimize its required pointing accuracy and to enable the antenna to pro-
vide backup cruise mode communications if the spacecraft reverts to sun
pointing. (See Volume 4, Section III.) A dish of approximately 3-foot

diameter appears to be best for this role.

A block diagram of the baseline communication subsystem for space-
craft Configurations A and B are given in Figure 3-1, and operating modes
in Table 3-1. The baseline subsystem block diagram for spacecraft Con-

figuration C is given in Figure 3-2, and operating modes in Table 3-2.

In all three configurations, a 20-watt transmitter is used in the
spacecraft providing a bit rate capability at encounter plus 1 month of
approximately 4000 bits/sec for Configurations A and B and 28, 000 bits/
sec for Configuration C.
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Table 3-1. Communication Modes for Configurations A and B

Receive Transmit
Early postlaunch low-gain low-gain
Cruise low-gain high-gain
Maneuver and orbit high-gain high-gain

Table 3-2. Communication Modes for Configuration C

Receive Transmit
Early postlaunch low-gain low-gain
Cruise low-gain high-gain
Maneuver medium-gain medium-gain
Orbit high-gain high-gain

1.1.3 Selected Configuration

The basic configuration selected for the spacecraft is Configuration
A, as discussed in Volume 4. Consequently, the detailed analysis of the
communication subsystem focused on that configuration. Two objectives
were dominant in the analysis of the subsystem:

a) Increase reliability by utilizing redundancy and alternate
modes of operation

b) Minimize switching complexity, particularly in the com-
mand link where lock-out failure modes could prevent
ground command corrective action.

Six alternate transmitter-receiver antenna configurations were evaluated
in the light of the mission requirements, development problems, relia-
bility, and interactions with other subsystems. Weight-reliability tradeoff
studies were conducted on a total system basis to assist in over-all choices
of configuration. This study is described in Volume 4, Section IV. These

studies led finally to the configuration shown in Figure 3-3.
a. Antennas

The selected configuration has three S-band antennas, low,
medium, and high gain. The medium gain antenna was added to the base-
line subsystem since the weight-reliability studies demonstrated that the
redundancy thereby provided for operational modes using the high-gain

antenna was an efficient means for enhancing total spacecraft reliability.
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Figure 3-3. Selected S-Band Communication Configuration

Low-Gain Antenna. To meet the performance goals with the

low-gain antenna, coverage is required to be as large as possible com-
mensurate with adequate communication margin. In evaluating gain
requirements the following criteria were used:

a) Command capability on low-gain antenna is required to

at least encounter plus 1 month when the spacecraft is
sun-oriented

EET N

Uiic

b5

b) The maximum cone angle after la
45 degrees (occurs near encounter)

c) Use of the 100-kw ground transmitter at DSIF Venus
site is acceptable, if required, near encounter

d) Spacecraft receiver noise figure is 10 db

e) Early cruise will require communication at cone angles
up to approximately 110 degrees

f) The antenna must provide shroud-on communications
during boost.
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The selected antenna, described in Section 1, 4, 3 provides
approximately hemispherical coverage (-8 db minimum for 90-degree
cone angle) for short range, and at least 2 db over a 45-degree cone
angle as required for encounter range. (See Link Analysis, Volume 2,

Section IV.)

To obtain significantly larger solid angle coverage for com-
mand, it would be necessary either to employ a multiplicity of low-gain
antennas with associated receivers or receiver-input RF switches, or to
increase the effective DSIF transmitter power to reduce the spacecraft

antenna gain requirement below 2 db.

High-Gain Antenna. The high-gain antenna is a 5.5 x 6.5 foot

elliptical paraboloid providing 30-db gain, the slight ellipticity necessi-
tated by fairing constraints. Since approximately 6 feet is the maximum
dimension that can be accommodated for this configuration, an unfurlable
antenna is required to obtain higher gain. Until the reliability of unfurling
mechanizations is established, it does not appear desirable to incorporate

them in a conservative design.
A two-axis actuation on the high-gain antenna is required:
1) To prevent a 3-db pointing loss after encounter (see Fig 3-14)

2) To provide the capability for a two-maneuver trajectory
correction sequence.

Medium-Gain Antenna. A medium-gain antenna (3-foot para-

boloid) similar to that used on Configuration C was selected to back up the
6-foot dish. The broader beamwidth of the 3-foot antenna (10 degrees)
enables the use of a single gimbal drive without producing excessive point-
ing loss after the first 30 days of flight., At encounter and in orbit, the
maximum pointing error is approximately 2. 5 degrees. The single-
gimbal, lightweight antenna is a more conservative implementation of
redundancy than the provision of an additional 6-foot, double -gimballed

dish, but still provides for adequate margins in the redundant mode.

b. Transmitters

The selected transmitter configuration provides cross-strap

redundancy of modulator-exciters and power amplifiers with operation on
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any of the three antennas. The transmitter utilizes power monitor probes
to provide on-board switching of the standby exciter and power amplifier
in the event of RF power loss because of the long round-trip propagation
time needed for ground command switching of redundant transmitter ele-

ments. Ground command backup is provided.

Launch mode communication uses a separate low power trans-
mitter (solid-state, 1-watt output) which can operate continuously from
liftoff through critical pressure altitude without danger of corona. The
separate transmitter was selected for launch communication because the
normal transmitter uses power amplifier voltages of 1000 VDC and pres-
surization would be required to prevent arcing. In addition, 20 watts of
RF power would probably produce corona in the RF circuitry. If the
exciter were designed to be large enough to use for launch transmission,
additional in-line RF switching would be needed and an unnecessary power

drain (about 10 watts) would be present during the remainder of the flight.

The normal and backup transmission modes are summarized
in Table 3-3. All of these modes can be configured by ground command.
In addition, on-board switching is accomplished by the transmitter selec-

tor logic summarized in Table 3-4.

As discussed in Section 1. 5.2 in more detail , 20-watt TWT
amplifiers are proven tubes currently in production for Apollo, andtubes
of higher power, 40-watt ESF klystrons or TWT's, would require develop-
ment for Voyager. Between the two tubes, the TWT development is as-
sessed as the lesser risk for 1969 and 1971 missions, although the kly-
stron will eventually vield superior performance. The spacecraft electri- |
cal power profile (see Section IV-3) indicates that a 40-watt transmitter
probabiy cannot be supported at encounter plus 6 months and during the
several hours of battery charging at initial sun acquisition, affer maneu-
ver and after eclipse. After capsule separation and during the first few
months in orbit, however, the available electrical power is adequate to support
a 40-watt transmitter. The availability of power suggests that a redundant
combination of two tubes, a 20-watt and a 40-watt, is a good arrangement
maximizing bit rate capability at encounter (40-watt transmisstion) and

providing reduced power level (20-watt) during cruise and near end of life.
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Table 3-3. Transmission Modes

sk
Power Circulator Switch Used
Mode (watts) Antenna \ > 3 4
Normal
I (launch) 1 low-gain - - - ccw
Il (after sun-Canopus lock) 1 6-ft - ccw CW cw
sesiek
III (cruise, maneuver, en- 20 6-ft cw cw - -
counter, orbit)
Backup
IV 1 3"ft - = CCW CW
sjedfedk
Vv 20 3-1t cw CCW CW -
1 o 2
Vi 20 low-gain cw CCW CCW CW

* . .
See Figure 3-3. cw = clockwise, ccw = counterclockwise

sk
Circulator switch no. 1 selects power amplifier no. 1 or no. 2.
Normally, the on-board logic selects the power amplifier, with

ground command backup.
sieoksk
Shown for operation with power amplifier no. 1.

Table 3-4. Transmitter Selector Logic

Initial Condition Malfunction Backup Condition
Mode I Loss of power Mode VI>"<
Mode II** Loss of power Mode III**
Mode IIM< Loss of Canopus lock | Mode I***
Mode IIIM< Loss of power Switch 20 -watt a,mplifiers>k*>:<>=<
Mode III** Loss of Canopus lock | Mode VI

*Inhibited by interlock for preset time after launch (post spacecraft-
Centaur separation).

sk . .
If there is a high-gain antenna malfunction, Modes IV and V are
substituted for Modes II, III, by ground command.

FAek L. . .
Inhibited by C and S for fixed time interval during maneuvers.

Provided that modulator exciter output is normal; if not, then

modulator exciters are switched.




However, risk is incurred ina TWT development, type approval, and life
test program within the time scale of the 1971 mission. In view of this
risk the selected design utilizes two 20-watt TWT amplifiers. During
Phase IB it is proposed to re-assess the scope of a2 40-watt TWT develop-

ment program.

C. Receiver and Command Decoder

The selected receiver configuration (see Figure 3-3) utilizes
three on-line receivers, one per antenna and contains no input RF switch-
ing. The receiver antenna selection occurs at the receiver output. a

decision based on the fact that input cross-switching between antennas

(i. e., one receiver on each antenna with capability to interchange receivers)

is excessively complex. Configurations in which a pair of receivers switch

between antennas introduce possible lock-out failure modes if the receivers
are on the failed antenna. The three receivers operate continuously on a
single frequency. In normal cruise mode, for example, signal acquisition
occurs in all three receivers. The choice of the signal fed to the redun-
dant command detectors is made in the receiver selector using the

following selection logic:

Mode No. Logic
1. Maximum Coverage Select receiver 1 (Figure 3-3) if signal present,

if receiver 1 is not present, select receiver 2;

if neither 1 nor 2 is present, select receiver
3, %

11. Maximum Gain Select receiver 3 if signal present; if receiver
3 is not present, select receiver 2; if 3 and 2
are not present, select receiver 1, %%

The redundant command detectors utilize mutually orthogonal
pseudonoise codes so that detector selection at the DSIF is by selection of
the proper code to address the desired command detector. Output switch-
ing to the CS and C subsystem is provided by the in-lock function of the

command detector.

E3
If no receiver is in lock, no range code, VCO reference signals, or
command subcarriers are sent to either the modulator or the command

detector.

Nk
If the spacecraft loses sun-Canopus lock, the CS and C provides signal
which automatically switches the receiver selection to Mode 1.
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{.1.4 Telemetry Bit Rate Selection

Maximum range capability at the selected bit rates is shown in
Table 3-5 for three operating modes: 1) the nominal mode for orbital
operation, and 2) and 3) backup modes. A 210-foot DSIF listening station
is assumed. (Sce Volume 2, VS5-4-310 for Teleccommunications Desgin

Control Tables.)

Table 3-5. Range versus Bit Rate

Bit Rate
Mode 128 10(.)24 20:8 4026
(x10° km)|(x10" km)|(x10" km){(x10~ km)
1) 20-watt high-gain antenna 1050 492 336 238
2) 20-watt medium-gain antenna 545 255 174 123
3) 1-watt high-gain antenna 235 110 75 53
Note: Encounter Range 90 to 185 x 106km
+1 month 130 to 230 x 106 km
+6 months 330 to 380 x 106 km

The 4096, 1024, and 128 bit rates were selected to obtain 0-db
margin operation at the maximum range at encounter plus 1 month for the
three operating modes 1), 2) and 3). An intermediate bit rate, 2048, was
selected in order to increase the data rate and hence the amount of data

received at intermediate ranges.

The bit rates selected also satisfy the objective of communications

at encounter plus 6 months for operation in modes 1) and 2).

Additional intermediate bit rate steps could be included with a
modest increase of equipment complexity. However, the value of such
additional steps has not been established. The 3-db binary step granular-
ity of the three highest bit rates is considered quite adequate. At bit
rates below 1024, normal bulk storage tape readout cannot be utilized due
to readin/readout ratio limitations. (See Section III-2, Data Handling
Subsystem.) Hence, additional steps (e.g., 512, 256) would be utilized

normally for non-nominal operation.




The inclusion of a higher bit rate (8192) has considerable
justification since a maximum range of about 168 x 106 km is possible at
this bit rate. At present, however, there appears to be a possible pro-
blem on tape recorder readout speed range for speed lock control over
greater than a 4/1 range. Hence, with this assumed constraint, inclusion
of 8192 bit rate requires deletion of the 1024-bit rate unless separate tape
recorders are utilized to cover the 8/1 bit rate range (i.e., one recorder
reading out at 8192, 4096, 2048, and the other recorder reading out at
4096, 2048, and 1024). The bulk storage interface will be studied further
during Phase IB (and in addition, link parameters further definitized) with

a view to including the higher bit rate as discussed above.

1.1.5 Operations with Multiple Spacecraft

The DSIF will be required to communicate with at least two space-
craft and possibly with two capsules for the Voyager mission. To permit
this capability, the spacecraft and the capsule should transmit to the
DSIF on different downlink frequencies to prevent interference and to
facilitate their simultaneous reception. The 85-foot DSIF antennas pro-
vide two channel reception (JPL TM No. 33-83)and it is assumed that the
210-foot DSIF antennas will all provide two-channel reception. Hence it
appears possible to receive, at a given antenna, from two spacecraft
simultaneously or from one spacecraft and one capsule simultaneously.
During cruise, and up to nominal encounter range, link calculations show
that spacecraft telemetry reception (1024 bits/sec) is possible on the 85-
foot antenna as well as on the 210-foot antenna, (see Volume 2, VS-4-
310), thus providing four-channel reception capability at sites having

both antennas.

There are two methods of obtaining two-way coherent communica-
tions with two spacecraft operating on different channels with the same
coherency ratio. The simplest is to time-share the uplink, providing
doppler data on one spacecraft for a period of hours while receiving from
the second spacecraft operating in the noncoherent mode, and then vice

versa. A disadvantage of this method is the operational inconvenience of

changing transmitter frequency and reacquiring both spacecraft receivers.

A second method is to frequency multiplex the uplink, i.e., transmit



simultaneously on both spacecraft receiver frequencies, necessitating
duplicate doppler extraction equipment and reducing the effective trans-
mitted power per channel by as much as 6 db as the result of the genera-

tion of intermodulation products.

If the transponders of the two spacecraft operate at slightly different
coherency ratios so as to obtain downlink frequency separation, it be-
comes possible to obtain two-way doppler from both spacecraft utilizing
a single uplink frequency (simultaneous doppler). However, the practic-
ability of implementing slightly different coherency ratios within trans-

ponders has not yet been assessed.

Another alternative is to operate both spacecraft receivers on the
same frequency with the same coherency ratio and provide downlink fre-
quency separation by transponding coherently from one spacecraft and
noncoherently from the other* at a different frequency. By ground com-
mand, the two spacecraft modes could be interchanged. This method
eliminates the need for DSIF transmitter time or frequency multiplexing,

but still requires time-sharing for doppler extraction.

In view of the disadvantages and uncertainties of implementation of
these alternatives, it is concluded that each spacecraft should be assigned
a different frequency channel, both operating at the standard 240/221

coherency ratio, with two-way doppler obtained by time-sharing.

1.1.6 Areas of Future Study

The power amplifier and the low-noise preamplifier are two key
areas where component development could increase the capabilities of the

communication subsystem.

The selected transmitter configuration uses two 20-watt power
amplifiers developed on the Apollo program. Forty-watt TWT amplifiers

are currently under development by several manufacturers. These

*A ''noncoherent'' override transponder mode is provided in the selected
design. This mode (activated by ground command) inhibits coherent
transmission during receiver lock in order to eliminate turn-around
noise degradation of the telemetry link during command transmission at
or near threshold.




developments could be expected to meet a mid-1966 date for an
engineering model if development were supported on the Voyager program.
An attractive possibility for later rissions is a 40 to 100 watt ESF kly-

stron (see Section 1. 5, 2),

At present, the tunnel diode appears to be the best candidate for a
low noise preamplifier but further reliability data is required. The tunnel
diode is under active development and some life and failure mode data are
available. The use of the low-noise preamplifier would reduce the receiver
noise figure from 10 to 5 db. A 5-db improvement could be used in several
ways. First, for the selected configuration, it would extend the command
reception capability on the low-gain antenna to the maximum earth-Mars
separation distance when using the 100-kw DSIF Venus site, and to encoun-
ter ranges for approximately a 1 -month launch window when using the pre-
sent 10-kw 85-foot antenna DSIF stations. It would similarly reduce the
need for the 100~-kw Venus site DSIF transmitter for two-way range code
at encounter ranges. A second possibility using the device would be to
reconfigure the receiver redundancy and provide passive input cross-

strapping of receivers.

A third major area requiring further investigation is DSIF opera-
tions with multiple spacecraft and capsules. This assumes particular
importance for the 1973 mission for which extended postlanding capsule

life is anticipated.

1.2 Capsule-Spacecraft Communications

The flight capsule mission profile is divided into three phases:
separaiion, entry, and postland. Of these three, the entry phase is the
most demanding on the spacecraft communications subsystem, and at the
same time the most important, at least for the 1971 mission, since
measurement of the Martian atmosphere properties will be of prime
importance. A summary of the complete capsule-spacecraft analysis is
presented in Section 1. 3.4, and the complete analysis is in Section 2 of

Appendix F.

The nonredundant baseline configuration selected for study consists
of a VHF antenna, VHF receiver, and a demodulator. The receiver and

demodulator are switched on at the appropriate time in the mission and the
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10 bits /sec asynchronous capsule data are sent to the data handling subsystem

for commutation with other telemetry traffic for transmission to earth.

1.2.1 System Configuration Selection

In reaching a configuration, five alternatives were evaluated (see
Volume 4, Section IV), in the process of which weight-reliability tradeoffs
were conducted on a total system basis to aid in determining the preferred
redundancy for the link. A nonswitching configuration was selected pri-
marily because of the short transmission time of the post-blackout entry
data and the possibility of signal intermittancy which could create difficul-
ties for on-board signal selection, A common preamplifier for both
receiver channels was selected rather than a passive coupling of the

receiver inputs in order to avoid a 3 db signal loss.

As a result of these tradeoffs and operational considerations, the
configuration shown in Figure 3-4 was selected. This configuration pro-
vides two on-line 136-mc receivers for the capsule data; both detected
outputs are commutated with other telemetry traffic and transmitted to

earth. The antenna on the spacecraft for this link is a fixed, body-mounted

turnstile, with reflector, providing a 110-degree beamwidth.

10 BITS/SEC CAPSULE CAPSULE VHF
DATA TO DATA -

HANDLING SUBSYSTEM DEMODULATOR RECEIVER

PREAMPLIFIER
posscorsic | e
HANDLING SUBSYSTEM DEMODULATOR RECEIVER

Figure 3-4. Selected VHF Communications Configuration

1.2.2 Dual Spacecraft and Capsule Operation

It is specified for the 1971 mission that spacecraft time separation

at arrival will be a minimum of 10 days, whereas post-impact capsule




life is 2 days. Hence, only the first spacecraft can receive from the first
capsule; however, the first and second spacecraft might receive from the
second capsule. It follows that for the 1971 mission both capsules should

be on the same VHF frequency.

In 1973, when capsule life is extended, spacecraft in orbit and two
landed capsules may all be operating at once. If spacecraft-to-capsule
command is utilized to turn on capsule transmission, both capsules could
be on the same frequency and both spacecraft could receive from either
capsule. Alternately, both capsules could operate on separate frequen-

cies and two-channel VHF receivers utilized on the spacecraft.

1.2.3 Parameters and Constraints

Table 3-6 lists the parameters associated with the spacecraft-

capsule link for the entry phase.
The VHF link imposes the following constraints on the spacecraft:

a) The antenna must have a 4-db gain at 136 Mc and be able
to point in the direction of Mars during capsule entry

b) A control signal is required from the CS and C to turn on
and off the power to the VHF receiving and demodulating
equipment

c) The data handling subsystem must be capable of commuta-
ting two 10 bits/sec capsule data signals which are asyn-
chronous with respect to the spacecraft timing.

The VHF link imposes the following constraints on the capsule:

a) The capsule must be preprogrammed or receive commands

from its own command system aiter separation, since no
spacecraft-capsule transmitter is provided

b) For the present mechanization, the capsule VHF antenna
must have at least 0-db gain (circulary polarized) over a

90-degree cone angle and a front-to-back ratio of at least
6 db

c) The capsule VHF transmitter must be capable of providing
20 watts power output with a 22-kc separation between the
mark and space channels in the 136 to 138 Mc band.

3-15



Table 3-6. Capsule-Spacecraft Parameters for Entry Phase

Frequency

Modulation

Data rate
b

P
e

Maximum range

Total system margin“)
Capsule transmitter power
Capsule circuit losses
Capsule antenna gain(3’ 5)
Capsule antenna pointing loss
Spacecraft antenna gain(z)
Spacecraft antenna pointing loss
Spacecraft circuit loss

Effective system temperature(3)
Predetection receiver bandwidth(4)

Type detection

NOTES:

136 Mc
FSK

10 bits/sec
1 x 10_3

4 x 10 km
12 db

20 watts
0.5 db

0 db

0 db

4 db

1 db

1 db
1020°K

44 kc
Matched filter

(1) Includes 6 db for equipment tolerances and 6 db for fading effects.

(2) Antenna gains are referenced to perfectly circular isotropic.

(3) Includes contributions due to cosmic noise and preamplifier

noise figure (4 db).

(4) Total receiver bandwidth is 44 kc; mark and space channel are

each 22 kec.

(5) The capsule antenna should have a front-to-back ratio of 6 db to

reduce the effects of multipath,

1.2.4 Areas of Future Study

It is assumed that significantly higher capsule-to-spacecraft data

rate is desirable. It is probable that an increase of 10 to 20 db is obtain-

able by a combination of improvements as discussed below:

a) Capsule Entry Sequence.

For the selected entry sequence

(see Volume IV), the Spacecraft remains in cruise attitude

until after capsule impact,

As a consequence, the maxi-

mum range at impact is 40, 000 km. An alternate sequence




could be employed with the spacecraft in deboost attitude
prior to capsule irn> act. This would effectively add
approximately 6 db” to the power margin,

b) VHF Spacecraft Antenna. A larger aperture, narrower
beam antenna is a possibility, but a careful assessment
of look angle history would be required to determine point-
ing requirements during entry and during orbit.

c) Capsule Antenna. The present study assumes 0 db capsule
antenna gain. Further definition of the capsule design and
look angle history may establish the feasibility of a higher
antenna gain,

d) Frequency Uncertainty., The frequency uncertainty estab-
lishes receiver predetection bandwidth and directly affects
bit rate. Further study can probably establish means of
reducing the frequency uncertainty (see Appendix F,
Section 2).

e) Multipath Fading. The present study conservatively allo-
cates 6 db margin for fading. Further study may allow a
reduction in margin allocation (see Appendix F, Section 2).

1.3 Subsystem Performance Analysis

This section summarizes the tradeoff and performance analyses
conducted during the study to support the communication subsystem design

effort. Details are given in Appendix F. In brief, fourareasare covered:

1) The Range and Range Rate Link Analysis (Section 1. 3, 1)
shows that ranging is available at least to encounter +1
month when the 100-kw DSIF transmitter and the spacecraft
high-gain antenna are utilized. Range accuracy will be con-
sistent with the DSIF Mark I ranging subsystem specification
of +15 meters. Range code acquisition time is about 8 min-
utes at encounter. The analysis also shows that threshold
receiver noise contributions do not limit the given DSIF
range rate accuracy of 0. 003 m/sec.

2) The Telemetry Link Analysis (Section 1. 3. 2) considers
synchronization methods, pseudonoise sync acquisition and
retention performance, single- versus two-channel systems,
and performance of the selected systems. The communica-
tion efficiency for the selected two-channel system is shown
to be comparable to the efficiency of a single-channel sys-
tem. Bandwidth requirements and intermodulation and inter-
ference problems do not compromise system performance.

¥
See Volume 4, Section 3. 5.1
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3) The Command Link Analysis (Section 1. 3. 3) compares
various modulation and multiplexing schemes, concluding
that the two-channel configuration of Mariner C will satisfy
Voyager constraints. The performance of the selected
command system is analyzed for communication efficiency,
sync acquisition time, probability of in-lock indication, and
the effects of bandwidth restrictions on data and sync chan-
nels. The Mariner C system appears adequate in these
respects except perhaps for the degradation of the syncloop
error function caused by the carrier-tracking loop. This
problem requires further study.

4) The Capsule Link Analysis (Section 1. 3. 4) evaluates the
effects of propagation (fading), system dynamics, frequency
uncertainty, and efficiency on the choice of modulation for
the capsule-spacecraft data link. A noncoherent FSK link
is recommended because of its more gradual degradation
characteristics in a fading environment whereas a coherent
PM link has a relatively abrupt threshold characteristics
and has potential problems related to frequency search and
acquisition. Also considered are the tradeoffs between de-
modulating the capsule data at the spacecraft and repeater
operation where capsule and spacecraft data are.trans-
mitted simultaneously in real time. The demodulatingmode
is chosen as primary with the repeater deserving further
consideration in Phase IB.

1.3.1 Range and Range Rate Link Analysis

Range rate information will be available from two-way coherent
doppler measurements on the received carrier. One-way doppler can
also be obtained but the stability of the spacecraft oscillators is such that
the accuracy of the measurement will be no better than 30 m/sec based on
a 5-hour minimum tracking period and smoothing times of { minute. Con-
sidering received noise only this accuracy can be achieved at doppler

threshold (0 db in ZBLO) as shown in Appendix F.

The ranging system will employ the JPL-developed multiple com-
ponent pPseudonoise sequences. After carrier demodulation the range code
will simply be turned around, rather than regenerated in the spacecraft.
This operation is shown to be feasible out to Mars encounter using the
DSIF 100-kw transmitter and the spacecraft high-gain antenna. The ther-
mal noise error at encounter is consistent with the over-all Mark I ranging

system accuracy of 15 meters.

The ranging system analysis has assumed the use of the Mark Ilunar

code which provides unambiguous ranging to 800, 000 km. Planetary codes
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are available for unambiguous ranging to 100 million miles, although,
naturally the acquisition times increase for these longer codes. Acquisi-
tion procedures and times are analyzed in Section 1 of Appendix F, which
shows an 8-minute acquisition time at encounter for the Mark I lunar code.

This is comparable to the 27-minute, two-way transmission time.

Finally, more efficient adaptive codes are being developed* which
offer hope of greater ranging efficiency. An optimum way to choose the
code bandwidth (pseudonoise bit rate) is such that more of the downlink
power is put into fhe code and less into the turn-around noise. The rela-
tion of the code bandwidth to ranging performance and acquisition time has
been derived. Various acquisition schemes have also been considered.
The greater efficiency obtainable with these adaptive codes would permit
ranging with lower gain spacecraft antennas, lower power ground trans-

mitters, shorter acquisition times, or appropriate combinations of these

alternatives.

a. Turn-Around Ranging Analysis

Two effects of the uplink noise in the turn-around system are
studied in Section l of Appendix F. First, the useful transmitter power is

reduced by modulation of the downlink carrier by the uplink noise.

2
-g
Modulation loss caused by uplink noise = e n

where
o, = rms phase deviation caused by uplink noise
Second, the uplink noise density adds to the noise density of the ground

receiver. However, for the Voyager parameters this effect is shown to be

small, adding less than 0.1 db to the downlink noise density.

In addition to these effects, the noise in the IF limiter in the
transponder will suppress the pseudonoise signal such that the effective

downlink modulation index O]l:) will be:

E3
JPL Space Programs Summary No. 37-30, Volume IV, pp. 253-259,



eDi’{fEeD, B > 10

where
B = Nl/sl noise-to-signal ratio at input to transponder limiter
GD = downlink phase deviation at strong signal (no uplink noise)

The limiter also serves to control the uplink noise modulation of the down-
link carrier. Section 1, Appendix F shows that orzl is determined almost
solely by the uplink and downlink deviations at strong signal levels. In
particular, the downlink pseudonoise deviation should be minimized and
the uplink deviation maximized, both consistent with carrier tracking
requirements, to minimize the uplink noise modulation loss as well as its

contribution to the over-all noise spectral density at the ground receiver.

Under the nominal conditions of the design control table, the
downlink pseudonoise deviation will be 0.355 rads. The mean square

phase deviation because of uplink noise is 0. 77 ra.dz.

b. Ranging Performance

For a carrier phase-modulated by a turn-around pseudonoise

code and uplink noise, the total power PT is distributed as follows:

2

C . P 2, %n
arrier power, P = PT cos ODe

2

. 2 ' 9n
Ranging power, PR = PT sin 6De

In principle, the carrier and ranging performance margins can be made
equal by the proper choise of B'D. However, because of the need to res-
trict the downlink noise modulation (on), the optimum pseudonoise code
deviation cannot be achieved unless the S/N at the transponder is main-
tained above about 0 db. The telecommunications design control table for
ranging (Volume 2, VS5-4-310) shows that even with the 100-kw trans-
mitter and the high-gain spacecraft antenna, the S/N is -10 db. There-

fore, the optimum deviation is not achieved.

Under the nominal conditions of the design control table, the

downlink pseudonoise deviation will be 0. 356 rad. The mean square phase




deviation due to uplink noise is 0. 772 radz. The corresponding modulation

losses and power requirements are summarized below:

Modulation Losses Carrier Ranging
2
-10 log e 3.35 db 3.35 db
-10 log sin® 8] 9.17
-10 log cos® oL 0.57
S/N required in 1 cps 16. 8 21.0
Total power S/N in 1 cps 20. 7 33.5

More than half the downlink power is wasted in transmitting uplink noise.
The total power requirements based on ranging is dominant indicating that
the ranging will have the smaller margin. However, the design control
table (Volume 2, VS-4-310) shows that the margin (14 db) is adequate to

cover the sum of the adverse tolerances.

1.3.2 Telemetry Link Analysis

The telemetry link was analyzed (Section 4, Appendix F)
for the following:

e Comparison of synchronization methods

® Acquisition and retention performance of pseudonoise
synchronization

e Comparison of single- versus two-channel systems
® Performance of the two-channel system.

Methods of acquiring pseudonoise sync, acquisition times, and retention
characteristics (mean time to unlock) have been studied. Since the acquisi-
tion time for this link is very short, no penalty is paid for utilizing a lon-
ger pseudonoise code which provides word as well as bit sync. Further-
more, the longer code minimizes the false-lock probability. The

Mariner C sync format is therefore adopted: a 63-bit maximal length

sequence with nine pseudonoise bits per information bit and seven data bits
per word.



The choice between the single- and two-channel system is considered
in the light of the Voyager bit rates. The sync power requirements are
shown to vary trom less than 1 to about 10 per cent of the data power.

This means that two-channel communication efficiency is within less than
1 db of that of the single-channel system except at the lowest bit rate. Con-
sideration of this small performance advantage of the single-channel over
the two-channel system weighted against the flight-proven capability of the

Mariner C mechanization led to the selection of the two-channel system.

The performance of the selected telemetry system is analyzed in
terms of bandwidth requirements, power requirements, and intermodula -
tion and interference effects. No important bandwidth limitations either at
low or high frequency are encountered when the Mariner C data and sync
formats are adopted. The power requirements considered the effects of
receiver thermal noise and timing noise because of carrier, subcarrier,
and bit sync jitter. An over-all data threshold S/N is developed which
compares favorably with the Mariner C experience. The sync threshold

is determined by limiting the data degradation from this cause to 0.5 db.

The intermodulation analysis shows that these products are a large
source of wasted power in a two-channel system. An optimization proce-
dure for the phase deviations is developed to minimize the over-all power
requirements by minimizing such waste power. However, these products
ideally do not appear as interference at baseband. Direct baseband inter-
ference between data and sync channels is made small by placing the data
subcarrier at the null of the sync spectrum, and by keeping the sync

power at least | per cent of the data power.

a. Synchronization Methods

Two basic methods of obtaining telemetry bit synchronization,
using Voyager parameters have been compared: the pseudonoise synchro-
nization system of Mariner C, and synchronization to a non-return to
zero NRZ code as implemented on Pioneer. An integral part of the bit
synchronization problem is the choice of bit waveforms to avoid inter-
action with the carrier loop; hence the problem of demodulation of a sub-

carrier, where used, is also considered.
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The comparison of these systems is restricted to those para-
meter values most suitable for Voyager. The subcarrier frequency for
the two systems is chosen as low as possible, consistent with the maximum
bandwidth of the carrier tracking loop in the DSIF receiver. The two sys-
tems are chosen to have the same communication efficiency and data

degradation caused by jitter on the locally-generated reference.
Other choices which must be made in the comparison are:
e Pseudonoise code length and NRZ subcarrier frequency
e Sync loop bandwidth
e DBandwidth expansion with single level
® Acquisition procedures.

Pseudonoise Code Length and NRZ Subcarrier Frequency. Both

synchronization schemes require that the sync (and data) waveforms be
such that the carrier tracking loop causes little distortion. The DSIF band-
width 2By o is 12 cps at threshold but expands to 120 cps under strong sig-
nal conditions. An NRZ subcarrier frequency of four times the data rate
yields tolerable distortion at the lowest bit rate (128 bits/sec). Similarly,
choosing the pseudonoise code length of 63 bits as in Mariner C, the basic
clock rate is fs = 576 cps at 128 bits/sec and the waveform distortion is

comparable to that for the NRZ subcarrier waveform.

Choice of Loop Bandwidths. Based on a 10:1 apportionment of

power between data and sync, and a 7-db S/N ratio in the data bandwidth,
it is concluded that at 128 bits/sec the pseudonoise sync loop noise band-
width should be 1.3 cps or less. The required S/N in this bandwidth is
17 to 18 db. The NRZ synchronizer subcarrier demodulator requires a
loop bandwidth of 20 cps to achieve the same mean time to unlock (about
200 hours). The bit sync loop following the subcarrier demodulator re-
quires a loop bandwidth of 0.3 cps. At a loop S/N of 12 db in 2B the

mean time to unlock is over an hour.

LO’

Bandwidth Expansion. Section4 of Appendix F shows that essen-

tially no expansion of the basic sync loop bandwidths occurs, assuming that

the coherent AGC available in the DSIF receiver maintains the signal level




constant into the NRZ demodulator/bit synchronizer. The bandpass

limiter in the pseudonoise sync channel accomplishes the same function
for that system.

Acquisition Procedures. For acquisition by the frequency off-

set technique, the acquisition time is about 50 seconds and the oscillator
stability muxt be about 0.05 per cent. For the NRZ synchronizer, the
acquisition time depends on the bit transition density but should not exceed
10 or 20 seconds. The subcarrier demodulator oscillator must be stable
to 0.1 per cent the bit sync loop VCO to 0.04 per cent. Neither system

should suffer from false-lock problems.

The performance of the two systems in terms of mean time to
loss of lock, acquisition time, presence of false-lock points, and the
required oscillator stabilities to implement these parameters are com-
pared in Table 3-7 at a data rate of 128 bits/sec. As can be seen, the
two loops do not differ greatly in performance with the chosen parameters.
The pseudonoise synchronizer provides much quieter bit synchronization,
while the NRZ synchronizer provides quieter subcarrier demodulation.
With frame synchronization available independently, the word synchroniza-
tion provided by the pseudonoise system is somewhat redundant. However,
it may be useful for some real-time data reduction applications. Based
on these comparisons, it is concluded that the two-channel pseudonoise
synchronization system will best satisfy the over-all Voyager mission
requirements. Further justification for the choice of the two-channel

versus single-channel pseudonoise sync system is given in 1. 3. 2c.

b. Pseudonoise Sync Acquisition and Retention

Acquisition Techniques. Two pseudonoise sync acquisition pro-

cedures are available:

1) Offsetting the frequency of the DSIF sync loop VCO from
the predicted spacecraft clock frequency f . The code
phases slide by one another until the loop pulls in.

2) Automatic acquisition in which the clock is first acquired
and then used to step the code bit-by-bit until the correla-
tion peak is reached.

The .first procedure is employed on the Mariner C command link and the

second is used in acquiring the ranging pseudonoise code. Uncertainties
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Table 3-7.

(at 128 bits/sec)

Synchronization Performance Characteristics

PN

NRZ

Bit waveform
Sync:
Data:

Distance from carrier
loop

Ratio of synchronization
to data power

Loop natural frequency

Mean-time to loss of
lock

Acquisition

Bandwidth expansion

Required oscillator
stability

Jitter in reference
generated

Word synchronization
provided?

AGC required?

63 pseudonoise bits
over 7 information bits

Subcarrier at 1152 bits

10 times carrier band-
width

0.2 cps

> 200 hrs

50 sec max

None
Better than 0.05%

Subcarrier: 15 deg
Data: 2 deg

Yes

No

Subcarrier at 1024 cps

20 times carrier band-
width

Demodulator: 3 cps
Bit sync: 0.05cps

Demodulator: 140 hrs
Bit sync: 10 hrs
(worst case)

10 to 20 sec
(worst case)

None
0.04%

Subcarrier: 10 deg
Data: 15 deg
(worst case)¥

No

Yes

%
Corresponds to no data transitions.

in the spacecraft clock frequency and narrow sync loop bandwidths mitigate
against the first technique; however, increased ground equipment complex-
ity is required for the second. Because sync loop bandwidths as narrow as
0.5 cps are contemplated for the Voyager telemetry, it is concluded that

automatic acquisition is probably a necessity.



Acquisition Time. Another question of interest is whether
pseudonoise sync should be used for bit synchrnoization only or for word
sync as well.  The advantage of, say, a 7 or 15 bit pscudonoise code giving
only bit sync rather thana 63-bit code with word sync is the consequent
reduction in acquisition time. On the other hand, the shorter pseudonoise
code would have larger falsc-lock points in its cross-correlation functions
as shown in Section 3 of Appendix F. The code acquisition time is calcu-

lated in Section 4 of Appendix F with the results shown below:

Code Length in Bits Acquisition Time (sec)
63 1.77
15 0.35
7 0.15

Since the acquisition times for the 63, 15, and 7 bit maximim length, single
component codes are negligible compared to the transmission delay
times, the 63-bit code used on the Mariner C is recommended. This code
will provide both data bit and word sync, whereas the 15 and 7 bit codes
will provide only bit sync. The reduced probability of false-lock is another
important advantage of the 63-bit code, In addition, the saving in hardware

complexity for the shorter codes is slight.

c. Single versus Two-Channel Systems

For a telemetry (or command) system employing pseudonoise
synchronization techniques, two basic multiplexing or modulation formats
can be devised. In the two-channel scheme, the data and sync channels
are linearly summed to form a frequency division multiplexed (FMD) signal.
The composite baseband then phase-modulates the carrier. The pseudo-
noiée sync waveform is essentially two-valued, i.e., square wave, where-
as the data is modulated on either a sine wave or square wave subcarrier.
In the latter case, since each channel is binary, the composite waveform
is four-level, By contrast, in the single-channel system the binary data

and sync are summed modulo 2, producing a binary composite waveform.

The modulators and detectors for the two systems are reviewed
in Section 4 of Appendix F. The two-channel modulator requires more
equipment in the spacecraft but the single-channel detector is more com-

plex than the two-channel detector. Although additional circuits in the
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spacecraft are undesirable, the two-channel telemetry system has the

important virtue of having been flight-proven on Mariner C.

The communications efficiency comparison favors the single -
channel system because no extra power is required for sync. However, at
128 bits/sec rates and above, this advantage is slight. The proportion of
power allotted to sync is essentially negligible compared with the required
data power. The relative power requirements are shown in Figure 3-5
versus data rate. Sync thresholds for loop bandwidths ZBLO of 0.5 and
2 cps and the carrier threshold appear as constant requirements. The
data power increases with data rate. The dashed line below the data
requirement indicates the power available for the sync channel if 10 per

cent of the sideband power is devoted to sync.
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Figure 3-5. Signal-to-Noise Density Requirements for
Two-Channel Pseudonoise Sync Telemetry

From Figure 3-5, it is concluded that the sync channel in the
two-channel system requires no more than 10 per cent of the power in the
data channel. In fact, at 512 bits/sec and above the extra loss to the data

over that in a single-channel system is about 0.5 db. For all but the




lowest bit rate (128 bits/sec), the two-channel system is practically
equivalent in communication efficiency to the single-channel system. This,
coupled with its proven capabilities, makes the two-channel system the

choice for the Voyager telemetry link.

d. Performance of Two-Channel System

The performance characteristics of the selected telemetry sys-
tem studied in Section 4 of Appendix F are: bandwidth, power require-
ments, and intermodulation and interference. It is concluded that both the
low and high frequency limitations of the telemetry channel are acceptable
for the Voyager data rates. The power requirements for data and sync are
such that the two-channel system will be within 1 db of a single-channel
competitor except at the lowest bit rate. Intermodulation and interference

are briefly analyzed and shown to be tolerable.

Bandwidth Requirements. The low-frequency limitation results

from the high-pass filtering action of the carrier phase-lock loop. Em-
ploying an empirical rule given by Springett'P, the effect is found not to
affect the lock characteristics of the pseudonoise sync loop when the

narrowest DSIF carrier loop bandwidth is used.

The high-frequency response of the receiver telemetry channel
determines the ability to pass the data subcarrier with small distortion.
Following Mariner practice, the data subcarrier is placed at 4fs in the
null of the sync specturm. The available DSIF telemetry bandwidths are
sufficiently wide to pass not only the square-wave subcarrier fundamental,

but up to the fifth harmonic at the highest data rate.

Power Requirements. Consideration of the degrading effects of

timing noise caused by the carrier, subcarrier, and bit sync reference

cycle yields the following:

Carrier degradation > 1.0 db

Subcarrier degradation > 0.5

Bit sync degradation > 0.1
Total > 1.6 db

*
J.C. Springett, '""Telemetry and Command Techniques for Planetary
Spacecraft,'" Technical Report No. 32-495, JPL, 15 January 1965.




In addition, data is degradated by the finite telemetry bandwidths. If the
fifth harmonic of the square-wave subcarrier is passed, the degradation
should be about 0.5 db. The total required S/N ratio in a bandwidth 1/T
equal to the bit rate is:

—NS7% = 7.3 db

for a theoretical S/N of 5.2 db for an error probability of 5 x 1073,

The cofreSponding sync channel threshold has been developed
following Springett. The data degradation by the 4 fs subcarrier was set
at 0.5 db. This implies an 18.4 db S/N in the noise bandwidth of the sync

phase-lock loop which operates at frequency fs'

The data and sync channel power requirements can be satisfied

by noting that the total signal power will divide as follows:

PD PT sin2 eD c052 GS (data)

o
H

S PT sin2 GS cos2 OD (sync)

P

c PT cos? I cos? 85 (carrier)

where 8 = phase deviation. It is found that only at the lowest bit rate

(128 bits/sec) can the power division be optimized in the sense that the
three components reach threshold simultaneously. The data power require-
ments at the higher data rates are so much greater than those of the sync
and carrier that the deviation GD approaches w/2 radians. A deviation for
the data above 1.25 radians is undesirable because of the danger of reach-
ing a carrier null due to modulation index calibration drift. Therefore,

for 1024 bits/sec and above the deviations are:

GD = 1.25 rads

GS = 0.32 rad
At 128 bits/sec:

OD = 1.12 rads

GS = 0.45 rad
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Intermodulation and Interference. The intermodulation between

data and sync channels is analyzed in Section 4 of Appendix F. For ideal
square-wave data and sync signals, the intermodulation noise does not
appear at bascband and therefore does not cause mutual interference. For
a sine-wave data subcarrier, intermodulation products will create inter-
ference at baseband. In either case, signal power is wasted in these

products.

The intermodulation power for square waves is:

_ . 2 . 2
PIM = PT sin GD sin GS
and the sum of this power with the three useful components gives the total
signal power. The superior communication efficiency of the single-channel
system is due basically to freedom from wasted IM power. However, as

indicated above, at Voyager data rates this two-channel penalty is small.

Under certain conditions an optimum set of deviations can be

found which minimizes the power wasted in IM products (and excess carrier

power), or, more fundamentally, minimizes the total power required. The

optimum deviations are given by:

P
4 D
tan~ © = =
D PS
and
v
% = 3 - 8p

These relations were used to set the indices for the lowest bit rate where-
as the high rate deviations were governed by the carrier suppression

limitation discussed above.

Direct interference between the data and sync channels results
from colocation of the spectra. Sync interference with the data is mini-
mized by placing the data subcarrier at 4 fs’ the null of the sync spectrum.
The sync channel is protected from data interference by the cross-
correlation of the sync with the local pseudonoise code. A matched-filter

argument shows that if the sync power is constrained to be no greater than

20 db below the data power, no important interference with the sync func-

tions should occur.




1.3.3 Command Link Analysis

In the command link, as in other portions of the Voyager design, the
general approach has been to seek a conservative design, taking advantage,
wherever possible, of the equipment and techniques developed and exper-
ience gained in the Ranger, Mariner-R, and Mariner-C designs. Moreover,
in the command link the Voyager design must be compatible with the DSIF
and the command verification equipment (CVE). The command link at
threshold is to operate at a bit error probability less than P: = 10-5. The
command equipment is to employ pseudonoise synchronization techniques.
The use of narrowband phase modulation of the carrier and a modulation-
restrictive phase-locked loop demodulator which tracks the carrier com-
ponent is also considered a requirement. Bit-by-bit detection and recon-
struction of the noisy data stream in the spacecraft receiver is presumed

to be a practical requirement.

‘ The Voyager command link has a carrier tracking loop bandwidth
and carrier power requirement of the same order of magnitude as the data
channel bandwidth and data power requirement. Since total required
received power (translatable to spacecraft capability in terms of range) is
the primary concern, the carrier power requirements are of paramount
importance in assessing the relative performance of various modulation
and multiplexing techniques. From an assessment of the signal dynamics
for the Voyager mission and based upon the similarities with the Mariner-
C requirements, the carrier loop bandwidth ZBL = 32 cps and a loop S/N
ratio of 6 db in ZBL has been chosen as a design requirement for the pur-

pose of the comparisons to be made here.

A 1-bit/sec data rate is considered the desired command capability.
This rate is sufficient to transmit the quantitative and discrete commands
envisioned for the Voyager mission. Lower data rates might be considered
if justifiable, but because of the carrier power fequirements and the diffi-
culties in mechanization of the lower rates, the transmitter power require-
ments do not decrease enough to make such a choice advantageous. Also,
the Mariner-C system has effectively implemented and utilized the 1-bit/

sec data rate.
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The rationale for choosing the dual channel PSK system of the
Mariner-C type for the Voyager command link is presented. The perfor-
mance in terms of total power required for this system comes within 1.8
db of the theorctical performance of PSK for the same carrier power
requirements. A\ single-channel PSK/pscudonoise sync system is expected
to have only 0.8 db advantage over the recommended dual channel system.
The pseudonoise clock frequency has been chosen to be 2 fs = 511 cps,
based upon a tradeoff between carrier loop effects and pseudonoise acquisi-
tion time. Since the carrier loop bandwidth will expand at high signal
levels to ZBL = 200 cps, there may be a problem in regard to high-pass
filtering effects on the pseudonoise correlation properties. At threshold
S/N the time required to achieve a 90 per cent probability of acquisition
appears to be as high as 34 minutes. As in the Mariner-C system, a sync
loop in-lock indicator is provided which essentially computes the autocor-
relation of pseudonoise @ 2 fs' The data signal is biphase-modulated onto
a sinusoidal subcarrier of frequency 2 fs' The coherent reference for
demodulation is provided by the sync loop. It is shown that the direct
interference between the sync signal and the data is negligible. At the
phase deviations to be used for this link, the intermodulation effects are

of no consequence.

a. Synchronization

To obtain reasonable efficiencies in the demodulation of PCM, it
is generally advantageous to have synchronization information available at
the receiver. For bit-by-bit detection, this entails only bit synchroniza-
tion for the demodulation. For Voyager, it is specified that bit sync is to
be transmitted through the use of a pseudonoise sequence which becomes a
parf of the command signal. This technique provides good sync with
reasonable acquisition time and probably works as well as any alternate

methods at a data rate of { bit/sec.

b. Modulation and Multiplexing Tradeoffs

The various modulation techniques which seem most reasonable
and straightforward within the constraints set forth above have been com-
pared on the basis of efficiency. For the specified error probability and

carrier loop bandwidth, the most meaningful criteria for comparison is the




required total receiver input power divided by the receiver noise density,
PT/q), to provide the desired performance. With properly chosen phase
deviations, the total power at this threshold level divides into the carrier
power, data power, and sync power to maintain each of these component
signals at their respective thresholds. The six cases of modulation and
multiplexing described below and compared in Table 3-8 were chosen to
bound the command link possibilities. Table 3-8 provides a quantitative
comparison of the efficiencies which can be obtained for these schemes.
It shows that these techniques do not differ greatly in terms of total power
required. The merging of the various efficiencies is a direct result of the
required carrier loop bandwidth ZBL = 32 cps and a loop S/N of 6 db in
ZBL, which is considered to be a constraint. The fact that the data rate
for this link is 1 bit/sec is a major factor in determining the stated

efficiencies,

Theoretical PSK is considered to provide the lower bound on the

achievable efficiency for this link. It assumes that the bit sync and sub-
carrier reference are present in the receiver without costing anything in
terms of transmitter power. The theoretical efficiency for PSK under
th];ase idea51 conditions is PD/<I> = 9. 6 db for a bit error probability

P =10
e

Mariner-C Dual Channel PSK. The efficiencies of the data

channel and sync channel are quoted as PD/q> = 13.7 db/cps and Py/® =
16.7 db/cps in the Mariner-C specification. Thus the sync channel

requires twice as much power as the data channel. The power required
by the sync loop, which has a noise bandwidth ZBLO = 2 cps, ié to pro-
vide the desired acquisition and tracking behavior of the loop and to pro-

vide a subcarrier reference for data demodulation. It is with the quality
of reference provided by the PS/<I> = 16.7 db/cps that the data efficiency

of PD/d) = 13,7 db/cps for PE = 10_5 is achieved. The major degrada-
tion from theoretical for the dual channel is associated with constructing

a subcarrier reference and the desired bit synchronization information for
coherent data demodulation with a data rate of 1 bit/sec. Even at the sync
channel level of Ps/q> = 16.7 db/cps the reference is not exceptionally

good and the data demodulation process is degraded at least 2 db because
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Table 3-8.

Comparison of Subcarrier Modulation Techniques

Residual Carrier Phase Modulation
Carrier Loop Noise Bandwidth 2By 32 cps

Bit Error Probability P‘; = 10-5

Total Input S/N Ratio in a 1 cps Bandwidth

P./®
PT = Total Receiver Input Power
& = Receiver Noise Spectral Density
1. Theoretical PSK
P P
2
Data —df—’ = 9.6db/eps = 2 I} (0.375) —5
21.3 db/cps
P P
. c _ _ .2 T
Carrier r 3 21.0 db/cps = Jo (0. 375) +
2. Mariner-C Dual Channel
P P
Data "D . y3.7dblcps = 2 I (0.58) cos® (0. 55) —~
® 1 -3
Sync P P
(2B o = 2 cps) ”?1? = 16.7 db/cps = sin® {0.55) 3% (0.58) 31 23.1 db/cps
P P
. c _ _ 2 2 T
Carrier i 21.0 db/cps = cos” (0.55) JO {0.58) Y
3. Dual Channel With Narrow Sync Loop
P P
Data D . {3.7dblcps = 232 (0.58) cos® (0. 36) =
[ 1 [
Sync PS 2 2 PT
(ZBLO = 2 cps) 3 - 12.4 db/cps = sin” (0. 36) J0 {0.58) 5 22.3 db/cps
P P
. c _ _ 2 2 T
Carrier =+ - 21.0 db/cps = cos” (0. 36) JO {0.58) x
4. Single-Channel With Wide Sync Loop
Data and Sync P P
(2B 5 =2 cps) % = 16.3 db/cps = sin® (0. 76} TT
22.3 db/cps
P P
Carrier —(f— = 21.0db/cps = cos? (0.76)%
5. Single-Channel With Narrow Sync Loop
Data and Sync pDS 2 PT
(ZBLO = 0.75 cps) 3 - 12.0 db/cps = sin” (0. 34) e
21.5 db/cps
P P
Carrier TC = 21.0db/cps = cos2 (0. 34) ?T
6. Noncoherent FSK
P P
Data & = 19.4db/cps = 2 1% (1.02) TT
23.4 db/cps
P P
C _ 42 T
. 21.0 db/cps = Jo(l.OZ)T




of the noisy reference. Constructing a subcarrier reference for a data

rate of 1 bit/sec is difficult. Any other subcarrier reference reconstruc-
tion process, such as a squarer or an I-Q loop, will encounter difficulties
similar to the Mariner-C dual channel system and will suffer degradations
of the same order of magnitude. It appears difficult to construct a coherent

PSK system that will achieve a better efficiency at 1 bit/sec.

Dual Channel PSK With Narrow Sync Loop Bandwidth. In an

attempt to obtain better efficiency than the Mariner-C dual channel system,
the use of a lower sync loop bandwidth such as ZBLO = 0.75 cps has been
investigated. This has the disadvantage of increasing the acquisition time
for the sync loop. In the case shown in Table 2-8(3), the quality of the sub-
carrier reference provided by the loop was maintained so that the sync
channel power requirements decrease proportionally as the loop bandwidth

is decreased.

Single-Channel PSK Systems. To avoid the inherent inefficiency

of the power split associated with the dual channel frequency division multi-
plex, a single-channel PSK system with pseudonoise synchronization is
described by Springett. The estimated efficiency for such a system is
given in Table 3-8(4 and 5) for the same loop bandwidths as the dual chan-
nel system of Table 3-8(2 and 3). This represents about as good efficiency

as one can expect to achieve within the constraints provided.

Noncoherent FSK. Because the total efficiencies of the modula-

tion techniques mentioned above are not a strong function of the data sub-
carrier efficiencies, one might consider utilizing FSK rather than PSK for
the Voyager command link. The efficiency quoted in Table 3-8(6) for non-
coherent FSK represents an estimate of the performance of the Pioneer
command equipment built by TRW. It uses nonsynchronous sampling
rather than sending or constructing bit sync. The efficiency, ‘PD/(b = 19.4
db may be somewhat optimistic since the bit error rate of the system has

not been directly measured.

Within the carrier loop constraints set forth above, the Mariner-
C dual channel PSK system comes within 1.8 db of the theoretical perfor-
mance of PSK in terms of total power required. The single-channel system,

discussed more fully in the telemetry section, is only 0.8 db more efficient



than the comparable dual channel system. Therefore, the Mariner-C
configuration is a reasonable compromise among efficiency, ease of
implementation, and reliability. Since this system has been mechanized
and proven, it represents the conservative design approach for the Voyager
mission.

¢. Performance of Command Link

Given that a dual channel system similar to Mariner-C has been
chosen, the specific modulation parameters for and the expected perfor-
mance of the Voyager command link were then determined. A coherent
PSK system is to be mechanized operating at a bit rate of 1 bit/sec, a bit

5

error probability of P: = 10 7, utilizing a pseudonoise sequence for syn-

chronization,

The dual channel Mariner-C command system has the following
characteristics, all of which will be translated to the Voyager design:
a) Pseudonoise sequence for synchronization, Sync signal

is PN® 2 f , which is a pseudonoise code split-phase
encoded S

b) Coherent PSK modulation of a sinusoidal subcarrier

c) The use of pseudonoise code generator which is locked to
input code through sync loop to provide subcarrier refer-
ence for coherent demodulation, This necessarily means
the data subcarrier is coherent with clock of pseudonoise
code generator

d) The employment of a quadrature phase detector, an inte-
grate and dump circuit, and a threshold device to provide
an indication of detector lock, i.e., sync loop acquisition.
The use of PN ® 2 fs as the sync signal allows the ready formula-
tion of PN ® 2 fs ® PN (1) in two steps, which provides a suitable error sig-
nal for the sync loop. A square-wave as an alternative to the sine-wave for
the data subcarrier offers an advantage at high phase deviations of the car-
rier provided that the higher order sidebands are utilized in the demodulator.
At high deviations, even if the higher order square-wave sidebands are not
utilized, the square-wave which achieves a fractional sideband power of
}8_2 sin? B has about the same effieiency as a sine wave which achieves a

fractional sideband power of 2 Jf (B). However, at low deviations of the
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data subcarrier, which must be used for the Voyager dual channel com-
mand system because of the carrier and sync power requirements, the
sine-wave subcarrier provides better performance than the square-wave
since it allows predetection bandpass filtering (and limiting) and utilizes
essentially all of the power [ch) (B) + 2 Jf (8) ~ 1] .

Even though the pseudonoise code is utilized for synchronization,
it need not be used to derive the data subcarrier reference. There are
other methods such as squaring and dividing by two, or the equivalent I-Q
loop, which reconstruct a reference from the data subcarrier itself. How-
ever, at a data rate of | bit/sec, these techniques are generally quite in-
efficient and difficult to mechanize. Therefore, the use of the sync signal
to derive the subcarrier reference is probably as good as any other method

and involves the minimum of circuitry.

The use of a quadrature phase detector to indicate the detector
lock condition is typical for phase-locked loops. For this pseudonoise sync
system when an integrate and dump circuit is used at the quadrature detec-
tor output, this operation essentially consists of computing the autocorrela-
tion of PN@® 2 {f and sampling at its peaks. Since this detector operates
independently ofs the actual loop, it is the setting of the detector threshold

which determines the probabilities of incorrect indications.

The major parameters of interest for the Voyager command link
are the pseudonoise code clock frequency 2 fs’ which for 1 bit/sec data
rate is the length of the maximal-length shift register sequence which con-
stitutes the pseudonoise code, and the frequency of the sinusoidal subcarrier.
Another parameter of lesser importance is the receiver bandwidth. The
major considerations in making these choices are the interactions in the
carrier loop, sync channel, and data channel. The design considerations

and performance of these three channels will be discussed below.

The communication efficiency has been quoted in Section 1. 3. 3b,
in terms of total power divided by noise density as PT/(I> = 23.1 db/cps for
the Mariner-C dual channel system operating with the prescribed Voyager
carrier loop bandwidth. This is based on the Mariner-C specifications of
PD/<I> = 16.7 db/cps for the data and PS/<I> = 13.7 db/cps for the sync.

For the purposes of power budgeting, these same efficiencies are used for



Voyager. The phase deviations of 0. 55 rad for the sync and 0. 58 rad for
the data balance out the three channels and maintain the same performance
margin for all. At this low deviation level only 4 per cent of the power is
lost in higher order nonrecoverable sidebands in the modulation process.
Thus, there should be no appreciable degradation of the link performance

due to intermodulation effects.

Carrier Loop. The carrier loop design bandwidth of ZBL =
32 ¢ps at a loop S/N ratio Pc/q: ZBL = 6 db expands at higher signal levels

since the loop pain is directly proportional to the input signal amplitude.
This assumes, of course, that a predetection limiter is employed to con-
trol thedynamic range of the signal input to the carrier phase detector. A
coherent AGC or a combination limiter and coherent AGC can be utilized
for this same purpose. A properly designed AGC can maintain a near con-
stant signal input to the demodulator and thereby maintain the carrier loop
bandwidth at a desired width. However, for proper functioning of the com-
mand link over the extent of the spacecraft range or receiver input levels,
it is desirable that the loop be allowed to expand a controlled amount in
bandwidth since the shorter ranges or higher input levels generally corres-
oind to the more severe vehicle dynamics where a wider loop may be needed.
However, since the carrier loop bandwidth represents the low frequency
constraints on the pseudonoise clock frequency 2 fs and the data subcarrier

frequency, too much expansion in bandwidth can be detrimental.

For the purposes of this analysis, a limiter only is assumed. It
is also assumed that the damping ratio is set at ¢ = 0. 707 at the loop thres-
hold design point of ZBL = 32 cps and S/N = 6 db., With a predetection
bandwidth of 4.5 kc the limiter suppression factor at the design loop band-
width of 32 cps is:

where

S/N power ratio at limiter input

g
]

N/,
i

Pr  Pg 32

© $(4500) ~ ®(32) - 3500 - M
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6db -2.4db -21.5 db

-17.9 db
where

P_. = Total power at limiter input

=

P. = Carrier power at limiter input

Q

= Noise density at limiter input

2 w»

Carrier modulation loss = -2.4 db
Therefore,

o, = 0.112 and the maximum loop bandwidth is given by:

2B Pra 2 + 1
Zkd

Im Otd

32 (18' 84) = 200 cps

3

The amount of interference introduced by the presence of the
command signal is also considered in the carrier-loop operation. The
data subcarrier itself can be prevented from interfering to any pronounced
degree by simply making its frequency large enough. The pseudonoise
code for synchronization will have sidebands which are within the carrier
tracking loop. However, by making the clock rate 2 fs of the code large,
the percentage of its energy within the loop can be made quite small. Both
the pseudonoise code and the data subcarrier will introduce modulation
phase error in the carrier tracking loop, which will affect its threshold,
acquisition, and tracking behavior. However, the effect of the modulation
on the loop will be considerably less important than the effect of the loop
on the modulation. Therefore, the important consideration in regard to
the carrier tracking loop is the degradation of performance which it intro-
duces into the command PSK signal, particularly the sync signal. The
carrier loop will operate in approximately the same manner (regarding
acquisition and tracking) with the command signal modulation present as
without it. Therefore, no alteration in the loop threshold S/N of 6 db has
been made to account for the degrading effect of the data and sync

modulation.



Sync Channel. When the sync signal is PN@® 2 {, and the

pseudonoise code split phase encoded, the spacecraft code generator can
be locked in time synchronism with the input pseudonoise cose through the
use of a phase-locked loop. The error signal to drive the loop VCO is
developed by multiplying the input PN & 2 fs plus noise first by

PN (1) ® £ (T) and then by fs (T) to develop essentially the cross-correla-
tion PN & fs x PN (7). The use of the two-step correlation allows for the
use of a bandpass filter and limiter before the final correlation. This fil-
ter and limiter does distort the error function and introduces possible

false-look points.

To keep the power requirements of the sync channel within
reasonable limits, it is desirable to minimize the sync loop bandwidth.
However, the lower bound on this loop bandwidth is set by the allowable
acquisition time. To allow the received and locally generated codes to
slide past one another and eventually lock up, an offset of the transmitter
clock is provided for. With an offset in 2 fs of Af there is a time differ-
ence between the codes of TAi_ t. For this time difference to equal a multi- ‘
ple of the bit time, ka, whe?te the loop error function has the proper

_s . . . - s . .
lock-in properties, a maximum time Tc —Ar— 1is required.

This is the time for one complete code correlation., For a
given 2 fs’ TC decreases with increasing Af. But, for a given loop band-
width, there is a limit on Af which will provide a reasonable probability of
lock-up on a single code correlation. Therefore, to minimize acquisition
time, the clock offset frequency Af must be chosen carefully. For a loop
with ZBLO = 2 cps, the Mariner-C specification states that an offset of
1.5 cps will achieve a probability of lock-up on a single correlation of 1/3
at the loop S/N ratio of 14. 7 db. It seems that this acquisition probability
is smaller than one might expect and that a smaller offset may be

advantageous.

In choosing the pseudonoise code clock frequency, 2 fs’ the

following two constraints are determining:
1) Upper limit — acquisition time for sync loop
2) Lower limit — carrier tracking loop high pass filtering ‘

effect on sync signal cross-correlation and autocorrela-
tion functions,
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The upper limit due to acquisition time has already been
discussed. An estimate on the lower limit is provided by Springett and is

represented by the following equation:

o
2fs 2 10.08Boj/a—
[o]
,Ot
d
1

10(32) m = 956

v

According to this criterion, the most reasonable possibility for
2 fs is 1023 cps. However, the above equation cannot be considered a
strict requirement since it is arbitrary and has not been shown to be
directly related to any such quantity as the probability of unlock or the
probability of false-lock for a given S/N ratio. Therefore, the frequency
2 fs = 511 cps is also a possibility. As is shown later, acquisition time
for the sync loop is very critical. This leads to the recommendation that
511 cps be utilized for the pseudonoise clock frequency. There may in-
deed be a problem with carrier loop high-pass filtering effects on the sync
signal correlation properties at high carrier S/N ratio or wide loop band-
width. It is possible to alleviate this problem through loop input signal
control, either by transmitter power attenuation or coherent receiver
AGC, or perhaps through premodulation amplification of low frequency

code components,

Assuming a sync loop bandwidth ZBLf‘ = 2 cps, and a code
clock frequency 2 fS = 511, the maximum time\:for a single code correla-
tion becomes 5. 7 minutes for a 1.5 cps clock offset and 8. 5 minutes for a
| cps offset. As is mentioned above, the probability of lock-up in a single
correlation of 1/3 for the 1.5 cps offset at design level loop S/N ratio is
not good. To achieve a 90 per cent probability of acquisition requires
6-code correlations, corresponding to 34 minutes for the 1.5 cps offset.
The only way the acquisition can be improved and maintain the efficiency
is to reduce the pseudonoise clock frequency 2 fs. This involves reducing

the expansion of the carrier loop bandwidth,



Since the sync signal and the data subcarrier overlap in
frequency, it is natural to consider the degradation of the sync channel
resulting from interference from the data channel. The effect of corre-
lating the data subcarrier against the local pseudonoise code is to spread
its energy over a wide spectral range so that the degradation in the opera-
tion of the sync detection system is negligible. Therefore, the possibility
of interference with the pseudonoise sync signal places no constraint on

placement of the data subcarrier.

The RF bandwidth required of the command system, determined
by the pseudonoise code, is a minimum of 8 fs ~ 2 kc. However, system
performance is not a strong function of this predetection bandwidth so a
value of 4.5 kc has been chosen, commensurate with the Mariner-C
bandwidth.

In-Lock Detector. The sync loop in-lock detector essentially

computes the autocorrelation of the sync signal PN@® 2 fs’ neglecting the
effect of the bandpass filter and limiter at the input to the sync loop. The
decision device at the output of the integrate and dump provides an in-lock
or out-of-lock indication for each bit time by comparing the output signal
to a predetermined threshold. The important performance parameters for
this detector, all of which depend solely upon the threshold level, for a
given S/N ratio, are the probability of detection, the probability of no
detection, and the probability of false alarm. The most important para-
meter to set is the probability of no detection, which is the determining
factor in the probability of the in-lock detector allowing the processing of

a command, given by:

1 - MPND

where M = number of bits in command and PND is the probability of no

detection or the probability of the detector giving an out-of-lock indication

for any single bit time when the loop is actually in lock. If P is set at

ND
2 x 10_5, the probability of the detector indicating in-lock for the entire
word and allowing execution of the command is (., 9997 for a 16-bit dis-

crete command and 0.9993 for a 35-bit quantative command.




Assuming that the input noise is not changed in form or in level
by the code correlation operation and the multiplication by the quadrature
reference, the S/N ratio at the decision time at the output of the integrate

and dump filter is given by

2
So _ 2(ZBLO) k (S/N ratio)100
N, H P

where

(S/N ra.t1o)loop = sync loop S/N ratio in 2 B; o

2B

LO sync loop noise bandwidth

H bit rate

fraction of perfect correlation that is achieved.

The threshold of the decision circuit and the probability of no detection

are related by

[os)
PND = ,"——g—-l exp (-2%/2) az
= -
s S
_° . _9
N_ N
t
where
S
Ni = threshold value of S/N ratio
O

The probability of a false alarm indication of detector in-lock because of

noise alone is then

exp (-ZZ/Z) dz

FA .\/TT',— 5

W
!
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Since the detector must indicate in-lock for a large nurmber of successive
bits and the data format must check out for the processing of a false com-
mand to take place, the probability of such an occurrence is extremely

small.

Data Channel. The data channel is a biphase modulated subcar-

rier which is coherently demodulated using a reference derived from the
pseudonoise code generator. For the clock frequency 2 fs of 511 cps, the
accuracy in the bit sync is better than 0.1 per cent of a bit time when the
sync loop is locked up and the data is to be processed. This sync accuracy
is sufficient to be considered perfect. The coherent reference at the data
subcarrier frequency, though derived from the same loop, will have no-
where near this relative accuracy. The quality of the subcarrier reference
is determined by the frequency of data subcarrier, the rms phase jitter
being directly proportional to this frequency. Although the degradation of
the data performance because of the subcarrier reference decreases with
decreasing frequency, the interaction between the data and the carrier
loop becomes more severe. A data subcarrier frequency of 2 fs is used
in Mariner-C and appears reasonable for Voyager. The use of £ would
provide for a better reference and might be acceptable in regard to carrier
loop effects. The conservative approach dictates a recommendation to use

2 fs' with perhaps future investigation into the possibility of moving to fs.

In the above discussion, no mention is made of the possible
interference of the sync signal with the data channel. It is readily recog-
nized that the sync signal interferences does not appreciably affect the
data channel error probabilities no matter where in the sync spectrum the
data subcarrier is placed as long as the powers in the signals are of the

same order of magnitude. This is because the data channel with the inte-
sinwm T

and dump filter has a characteristic T & centered at the data sub-
B

carrier frequency, where Ty is the bit time. Since the sync signal is
periodic with a period of TB’ all frequency components except that directly
at the data subcarrier are at nulls in the data channel response. With the
data subcarrier at 2 fs’ which is near the peak of the sync signal, the

fraction of the sync power which gets into the data channel is




sin® (n £/4£)

2 8 1
= — 5——— = 0.00159
Zfs TB (n f/4fs)2 ml Zfs TB

f=21
s

Therefore, in regard to interference from the sync channel, there are no

constraints on placement of the data subcarrier.

1.3.4 Capsule-to-Spacecraft Link Analysis

In Section 2 of Appendix F, a detailed analysis of the capsule-to-

spacecraft link is presented. This section summarizes the assumptions,

rationale, and the conclusions reached in the appendix,

a. Mission Profile

The communication mission profile for the capsule-to-space-
craft link is divided into three phases; separation, entry, and postlanding.
Of these, the entry phase is given the highest emphasis. The traffic
require;nent for this link is 10 bits/sec, with an assumed error rate of
t x10 7.

A number of parameters influence the design of this link, the
maximum range of 40, 000 km (see Volume 4, Section III-5. 1), the speci-
fied minimum capsule entry angle of 45 degrees, the high acceleration
associated with the parachute deployment (14 g), and the short period of
time available for transmission of the post blackout entry data (4 to 19
minutes depending upon the atmospheric model and the entry angle

assumed.

b. Multipath Propagation

An analysis of the multipath effect considered the vector rela-
tionship of the direct and indirect signals at the receiving antenna. The
path of each reflected signal at the receiver antenna is likely to be random,
and the spacing between the capsule and spacecraft will change with time.
The problem is complex; a rigorous analysis has not yet been done. How-
ever, a simple two-signal model was analyzed to provide an understanding

of the multipath effects.

The results of the analysis indicated that:



a) Modulation. Interference between the direct and
reflected signal might produce amplitude modulation
of the order of 30 per cent.

b) Fading Rate. For the assumed entry profile parameters,
rates would vary between a maximum of about 1420 cps
(between blackout and before parachute opening) and 11
cps minimum (nearly equal to the data rate) after para-
chute opening.

c. Frequency Uncertainty

The total frequency uncertainty between receiver and capsule
transmitter (see Section 2, Appendix F) because of doppler
shift and oscillator instabilities is estimated to be 21 kc, which is large
compared to data rate and is an important parameter affecting system
design. Four design approaches were considered:

1) Utilize a noncoherent (nontracking) receiver with a pre-

detection bandwidth large enough to encompass the total
frequency uncertainty

2) Partially compensated nontracking system in which
ground command is utilized to adjust frequency thus
reducing the required predetection bandwidth.

3) A coherent phase-lock tracking receiver.

4) A nondemodulating repeater in which demodulation and

data detection are accomplished at the DSN receiver
terminal.

Technique 1) represents the most conservative approach and is
the recommended system (see Section 1. 3. 4d). Technique 2) is a growth
possibility to improve the signal margin of 1). Technique 3) is not recom-
mended for the 1971 mission for the reasons outlined in Section 1. 3. 4d.
Technique 4) offers substantial promise at higher spacecraft power levels
and might provide additional data (multipath amplitude, fading rate, etc.)
which is lost by on-board demodulation and detection. This will be studied
further in Phase IB.

d. Modulation and Demodulation

The two predominant requirements of the capsule line are:

1) The link must operate in the presence of multipath echos.
The magnitude of the multipath problem is uncertain; how-

ever, preliminary estimates indicate it is moderately
severe.
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2) The link will suffer a blackout when the capsule enters

the Martian atmosphere., It is imperative that data be
received after the time of blackout and before impact.

The multipath echoes will cause amplitude and phase modulation
of the received signal due to the presence of the delayed signals. There-
fore any system of amplitude, phase or frequency modulation will be de-
graded by the multipath, including any system using subcarrier modulation.
The principal alternatives are a noncoherent direct FSK system and a
coherent PM system with the modulation on a subcarrier. These two
possibilities normally provide the best performance for the noncoherent
and coherent systems, respectively. It is shown in Section 2 of Appendix
F, that both the noncoherent and coherent systems will operate satisfac-
torily with a 20-watt transmitter power, assuming that a 6-db fading mar-

gin and a 6-db system margin are required.

The coherent system involves a modulation restrictive phase-
locked loop which tracks the carrier component. This necessarily invol-
ves an acquisition process in which the frequency uncertainty range must
be searched for the signal whenever loss of lock occurs or the signal is
interrupted, such as after the capsule link blackout. It is possible, at any
time that the loop attempting to acquire, to have a lock-up on the higher
order sidebands of the received signal. Such a false-lock, unless detected
and corrected, will result in loss of data for the duration of the lock. This
problem can be alleviated by an I-Q loop at the expense of added equipment
complexity. The presence of the multipath echoes can cause a phase error
for the phase-locked loop and increase the loss of lock probabilities

significantly.

It is because of the above drawbacks that noncoherent FSK has
been recommended for the capsule link. It has been shown to provide the

desired data performance. No signal acquisition is involved for the FSK
receiver since it is designed to operate properly whenever the signal lies
within the known uncertainty range. In addition, the noncoherent FSK
degrades more gracefully in the presence of severe multipath and will
simply provide data with a higher error rate instead of dropping out of

lock at high echo levels. In Phase IB, the possibility of programming the
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transmitter and receiver frequencies to reduce the range of frequency

uncertainty will be studied.

e. Frequency Choice

Six factors were considered in choosing the frequency of this
link:

1) The frequency uncertainty problem

2) Propagation efficiency

3) Receiving system noise temperature

4) Efficiency of solid-state transmitters

5) Spacecraft and capsule antenna design problems
6) Blackout duration.

The general frequency band over which these factors are considered is
100 to 400 Mc. It is recognized that at microwave frequencies the black-
out duration might be significantly less, but this possible advantage is off-

set by the implementation difficulties of a microwave capsule transmitter,

low-noise temperature spacecraft receiver, and the fact that a spacecraft
antenna with sufficient effective aperture would have a narrow beamwidth,

creating a pointing problem.

Items 1) and 2) strongly indicate the use of as low a frequency
as possible because the magnitude of the total frequency uncertainty A FF
is directly proportional to the frequency and because propagation takes
place between an isotropic antenna and a fixed-beamwidth antenna. Items
3) and 4) vary rather slowly and are not of major significance in the VHF
region. The design problems associated with the design of the capsule
and spacecraft antennas favor the higher frequencies, The most difficult
problem is the capsule antenna because:

e Certain capsule dimensions limit the permissible size of
the antenna

e Obtaining a high front-to-back ratio is easier at the higher
frequencies.

It appears that a VHF range of 136 to 138 Mc offers the best com-

promise among these factors.




f. Link Performance

The telecommunications design control table for the capsule
limits is given in Volume 2, VS-4-310. This table shows that for a
maximum range of 40,000 km and a 20-watt lander transmitter, the
10 bit/sec data can be received with a 1 x 10_3 bit error rate. The table
allows 6 db for fading and propagation effects and approximately 6 db
for equipment tolerances. The assumed spacecraft capsule antenna gains
are 4 and 0 db, respectively. A 4-db noise figure for the spacecraft

receiver is assumed.

1.4 Spacecraft Antennas

The spacecraft trajectory to Mars establishes the cone and clock
angles of earth with respect to the spacecraft, shown in Figure 3-6.
These curves show that for the majority of the trajectories the clock
angle remains in the vicinity of 90 degrees up to 40 days after launch,
The cone angles generally travel from 90 to 15 degrees during this time,
Thus, the high-gain antenna beam will remain at a nearly constant clock
angle of 90 degrees, while traversing cone angles from approximately
90 to 10 or 15 degrees,

Once this attitude is established, the period from 40 to 70 days
after launch involves, primarily, a clock angle change with very small
cone angle variations, The clock angles during this time may travel
either between 90 (through 180) and 230 degrees, or, depending upon the
particular trajectory, between 90 (through 0) and 320 degrees.

From approximately 70 days after launch to encounter, approxi-
mately 140 to 200 days after launch, the angular changes will involve both
clock and cone angles, The cone angles will change from approximately
15 to 40 degrees, while the clock angle will change from either 230 to
280 degrees, or from 320 to 280 degrees, again depending upon the
particular trajectory.
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1.4.1 High-Gain Antenna

These variations in look angles, together with the requirement to
provide communication during midcourse correction, at which time the
required angles are arbitrary, indicate that for a beamwidth less than
8 to 10 degrees, a double-gimballed antennma is required. The nose fair-
ing and the structural arrangement of Configuration A limits the maximum
dimension of the high-gain antenna to approximately 6 feet for a circular
or near circular aperture. A gain of approximately 30 db is thus selected

as a design requirement,

a, Arrays Versus Continuous Apertures

The required 30 db gain implies large-aperture antennas,
General requirements can be established regarding beamwidth, sidelobe
levels, VSWR, efficiencies, weight, size, power handling capabilities,

and other parameters to determine the type of antenna best suited to the

particular application, keeping in mind that proven techniques with high
reliability, moderate cost, and ease of manufacturability and maintenance
are favored. Accordingly the field of large-aperture antennas was
reviewed to determine the type of antenna most suitable for the Voyager
mission, The two most likely candidates appeared to be the planar array

and the paraboloid.

The uniformly illuminated planar array will produce the highest
directivity for a given area of any of the large-aperture antennas, The
maximum available directivity from an aperture radiator is given by:

D=4mAN2

where A is area of the aperture and \ is wavelength., The minimum pos~-
sible aperture area for a lossless antenna having a directivity of 30 db

(power gain of 1000) is

A=D\%/4n= 1000, 2 _ 79,6 square wavelengths.
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Typical efficiencies of planar arrays which have been reported in the ‘ |
literature™ are in the region of 70 per cent; thus the actual aperture

required to obtain the desired gain becomes 1138 square wavelengths,

The typical planar array consists of slots, cut in the wall of a
waveguide, which must be placed with great precision, Good control of
the relative amplitude coupled into each radiating aperture requires an
aperture-coupling structure at each slot opening, These generally take
the form of iris or probe structures, The entire slot array is generally
fed by a series of parallel waveguides branching off of a main feed wave-
guide, and at times the entire transmission path is formed of a corrugated
structure to maintain proper phase and amplitude control within the feed
lines, The costs of such a structure, and the reliability and manufactura-

bility are relatively unknown factors at this time,

The uniformly illuminated paraboloid provides the same theo-
retical directivity as that of the planar array and thus the same require-

ment for aperture area for a directivity of 30 db, i.e.,, 79.6 square ‘

wavelengths. Since uniform illumination of a paraboloid is impractical,
requiring a keyhole feed pattern with infinite taper at the edge of the para-
boloid, common practice is to provide a compromise taper at the edge of
the paraboloid, generally in the region of 10 db below the peak of the main
lobe of the feed. Typical values of gain ratio for various sidelobe ratios

are as follows:

"Sidelobe Ratio

(db) G/Go
20 0.90
22 0. 84
23 0. 81

where G/G_ is the ratio of the equivalent directivity to that of a uniform

line source. The effective aperture, for an equivalent sidelobe level of

>’<1C)63 IEEE International Convention Report, Part I, pp. 2-9. ‘
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23 db, is 0.81 of the actual aperture. The actual aperture, therefore,
must be increased to maintain the gain level, to 97.3 square wavelengths,
Since the highest feed efficiency which can be expected is also approxi=-
mately 70 per cent, an aperture size of 140 square wavelengths is

implied.

The manufacturability of a paraboloid has been thoroughly
explored, and a great deal of background has been accumulated in this
field, Such apertures can be fabricated from sheet metal by spinning,
stretch forming, or explosive forming. The surface tolerance can be
maintained extremely close by relatively inexpensive methods. The
rigidity of such a surface can be maintained by known methods. Ths costs
are extremely low, and the reliability extremely high. The feed system
can be a simple low-gain radiator. It thus appears that in view of its
high reliability, ease of fabrication, and use of standard design and con-
struction techniques, the paraboloid is the logical choice of antenna type

for the high-gain antenna,

b. Antenna Design

Because of the limited space between the flight capsule and the
spacecraft solar array, a circular 6-foot diameter paraboloid cannot be
used; a sectoral elliptical paraboloid is necessary to obtain the desired
gain within the available storage volume, Since gain is directly propor-

tional to the area of the aperture, an elliptical reflector having a minor
axis of 66 inches and a major axis of 78,5 inches, with a 28, 8~inch focal

length, will produce the same gain as a 6-foot circular reflector. Such
an unsymmetrical shape requires a shaped beam from the primary feed

to produce equal edge illumination of the reflector,

The reflector is perforated to remove 50 per cent of the
material (and thereby weight) but the perforations are sufficiently small
to maintain the RF transmissivity below -20 db. The surface tolerance
is £ 0,10 inch or less, equivalent to £ 0,02 \, maintaining the sidelobe

level degradations from random surface irregularities below -27 db.
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The selected configuration for the high gain antenna is shown
in Figure 3-7. The concept illustrated is a straightforward approach
using state-of-the-art techniques. The paraboloidal surface is formed
from 30-mil 2024 aluminum sheet. A 3-foot diameter yoke ring is
utilized fabricated from 2-inch diameter, 0,050 wall, 6061 Té6 aluminum
tubing attached with blind rivets spaced approximately every two inches.
By attaching the paraboloid at this diameter, the need for a rolled edge to
provide stiffness is eliminated. The yoke ring also provides a four-point
attachment structure for the yoke, The yoke is a simple structure of
bent and welded 0, 050 wall, 2-inch diameter, 6061 T6 tubing with appro-
priate stiffeners, The base shaft of the yoke provides for a pinned
attachment to the actuator output shaft. The coaxial transmission line
from an actuator assembly is routed through this junction to the base of
the feed. At the center of gravity of the paraboloid yoke structure, a
stowing arrangement is provided which fastens the antenna to the space-
craft structure by two fixed pin hard points and a squib actuated clevis
with redundant squibs. The pins control lateral stability and the clevis
provides axial stability in unison with the actuator as a third hard point.
Hard stowing of the antenna is required by the calculated 40-g, 60-cycle

damped wave input imparted to the antenna during shroud separation.

The antenna feed, a focal point horn-type radiator, obtains its
primary support from a structural member attached to the vertex of the
paraboloid extending directly to the horn, where a dielectric support
carries the load directly to the back wall of the horn assembly. This
structural member is also the coaxial feed line to the horn, feeding
through the vertex of the paraboloid, to which it is attached by an

integral flange.

The 3-foot diameter of the paraboloid to which the feed base
attaches may be stiffened with radial ribs terminating at the yoke attach-
ment ring, if required, to suppress diaphragm modes of vibration in the

paraboloid resulting from the feed mass and wire tension loads. The
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feedline and the horn are aluminum. The horn is mechanically stabilized
by four woven aluminum wire tension elements, Stranded aluminum wire
provides reliability in the form of multiple strand redundancy, together
with some temperature compensation since the same material will be used
in the related antenna assembly, Differential thermal expansion and con-
traction resulting from nonuniform heat gradients will be further compen-

sated by the use of a cross spring tension limiter and compensator,

The coaxial feed line in the paraboloid and the remainder of the
antenna system are of the low loss variety utilizing foamed polyethelene
dieletric and aluminum outer conductor. All antenna surfaces are painted
with thermally and optically black paint which, with the transmission pro-
vided by the perforations of the paraboloidal surface, will limit the
temperature to a calculated range of 152°F maximum to -300°F minimum,
worst case, The dielectric and other materials used in this assembly

can retain both structural and electrical integrity over this range.

The following surfaces were considered with the tradeoff

factors noted.

Furled, deployable, Two furled, deployable surfaces were

considered, the Sunflower hinged rigid segment type and the rib and
flexible aluminized Mylar umbrella type. There is no saving in weight
for either type, when balanced against the fixed solid aluminum parabo-
loid. The number of stiffeners, ribs, and overlaps required to provide

a satisfactory surface contour, and the stowing and deployment mechan-
isms, result in total structure weights comparable to the rigid paraboloid,
even though the basic surfaces are lighter, Deployable surfaces, in
adding an additional failure mode, i.e., failure to deploy, reduce the

over-all reliability of the communication subsystem.,

Honeycomb. Neither honeycomb aluminum or honeycomb
plastic structures offer any weight advantage over a solid aluminum para-
boloid when all considerations, such as structural supports and attach-

ment inserts, are considered., From a thermal standpoint, the aluminum




honeycomb is superior, since the plastic honeycomb materials have poor
thermal conductivity. Degradation of the plastic because of long-term
exposure to ultraviolet and IR radiation is predictable. Metallizing the
plastic honeycomb surface would reduce the exposure effects and would

be desirable, for this reason, over the use of a bonded mesh surface,

but with external surfaces metallized thermal gradients across the poorly=-
conducting core would be greater, resulting in internal stress reversals
that could, in time, break internal bonds and cause delamination and sur-

face degradation, Outgassing is also likely to be a problem,

Sheet Metal, Fabrication of sheet metal paraboloid reflectors
generally uses methods such as spinning, explosive forming, or stretch

forming. The resulting structure is a grain oriented self-supporting
structure of simple, one-piece construction with inherent strength and
stability, As a homogeneous structure, its thermal conductivity provides
optimum characteristics for distribution of thermal gradients, both face-
to-face and laterally, Attachments to provide supplemental structure can
easily be made by a variety of standard techniques, Minor damage is
easily repaired. Over=-all weight, using 50 per cent perforated sheet
stock, is comparable to other approaches configured to meet Voyager
design criteria. The material used would probably be 2024 aluminum,
either annealed or in a T4 state in the forming stage, with aging at 350°F

to a T6 state for maximurm strength.

Support Structure, The support structure attaches the parabo-

loid to the actuator mechanism. It must provide sufficient structural
integrity to insure the survival of the over-all antenna assembly through
boost, the shroud separation shock, and the variation in temperature to
be expected., It must also provide a means of stowing the assembly in a
secured position until deployment is initiated. The same conéiderations
that resulted in selection of aluminum sheet metal as the paraboloid

material yield the same conclusion for the support structure material,
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c. Gimbal Drive

Requirements and criteria for the antenna gimbal drive studies

were as follows:

A rotary output is required.

All high speed elements must be sealed in a pressurized
inert atmosphere,

Minimum number of parts and minimum number of ro-
tating seals for maintaining internal pressure are

desired,

A straightforward method of attaching to the gimbal is
preferred.

Use of magnetic materials and fields generated by the
drives minimized,

The coaxial cable must not be subject to flexure as the
antenna is rotated.

Slew rate of 5.3 milliradians per second maximum
about either axis.

Angular acceleration of 0.5 milliradian per secz.
Hinge axis of + 90 degrees and shaft axis of £+ 180 degrees.

Pointing accuracy of £ 4 milliradians relative to the
flight spacecraft,

Acceleration loading of 3 g steady-state acceleration
with antenna deployed.

The drive must withstand stalled conditions at the output
without internal damage,

Tradeoff studies were conducted to define gimbal arrangements, the type

of sealed drives, and associated electronic components which can satisfy

the pointing requirements of the high-gain antenna., For the tradeoffs,

consideration was given to performance, reliability, size, weight, and

packaging.




Stowage requirements and the desire for maximum coverage
dictate the mounting of the antenna at the edge of the solar array and a
configuration in which the dish is mounted at the end of a 3-foot shaft with

the drive unit at the base of the shaft,

Two gimbal schemes were compared on the basis of reliability
and complexity, Scheme A consists of a standard two-axis gimbal
assembly in which each axis is operated by a separate drive. This
scheme is attractive because of its simplicity and high reliability.

Scheme B makes use of a unique feature of the differential gear. For

this scheme two drives supply simultaneous inputs to the differential gear,
If the drives operate in the same direction, an output about the hinge axis
is produced; if they operate in opposite directions, the output is about the
shaft axis., The advantage of using this scheme is that the drives would be
working together in overcoming large antenna hinge moments produced
during retrorocket firing, Table 3-9 summarizes the main tradeoffs for
each gimbal candicate. Based on the tradeoff considerations, it was con-

cluded that Scheme A was the better.

The basic gimbal minus drives, pickoffs, etc., is made up of
three primary parts, a yoke, a gimbal, and a trunnion shaft. When
assembled with ball bearings, these parts form the basis for a two-axis

gimbal as shown in Figure 3-8, The yoke is a fixed member which

o>
1 A
S 5 4 = ) ) st
B S 1 |

TRUNNION TWO-AXIS

YOKE GIMBAL GIMBAL

FRAME SHAFT

Figure 3-8, Basic Gimbal Elements
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attaches to the spacecraft and supports all other gimbal elements, The
gimbal frame when mounted to the yoke forms the hinge axis of the gim-
bal, The trunnion shaft mounted in the gimbal frame forms the gimbal
shaft axis and acts as a mount for the high-gain antenna., The elements
are preloaded for rigidity and accuracy and employ solid lubricant

coatings,

Detailed tradeoff studies were conducted to select the proper
sealed drive unit, motor, position pickoff, and drive electronics mech-
anization for the antenna drive. These studies were conducted in parallel
with the similar studies for the POP drives. The considerations and
basic conclusions are the same and are thus not repeated here (see

Section II-2),

The preferred drive consists of a simple two-axis gimbal oper-
ated by sealed wabble gear drives, It incorporates digital pickoffs for
sensing gimbal positions and RF rotary joints for maintaining the RF path
through gimbal members. Figure 3-9 shows a preliminary design layout
of the preferred antenna drive. One hinge axis drive and one shaft axis
drive are required. The drives are similar to those developed for the
OGO solar array and OPEP drives. During the OGO program these
drives were subjected to environmental and performance testing and
operated for more than 10, 000 hours in vacuum. They have performed
satisfactorily in space since launched in September 1964, In preparing
the final design in Phase IB, efforts will be directed toward optimizing
size, weight, and reliability and standardizing as many parts as possible

for use on other articulated Voyager subsystems.

Sealing is accomplished by two bellows (Figures 3-9 and 3-10)
installed between the rigid parts of the mechanism and the driving gear.
Action of the bearing carrier and a tilted bearing internal to the unit pro-
duces a non=-rotating conical nutation (or wabble) motion of the driving
gear at the end of the main bellows, This motion causes rotation of the

output gear and shaft by sequential engagement of a limited number of
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Figure 3-10., Wabble Gear Drive

gear teeth, The gimbal bearing and drive units employ the same lubri-
cation techniques developed and used on OGO, All exposed slow-moving
elements are plated with low-shear precious metal and impregnated with

molydisulphide.

The prime movers for the drive mechanism will be two-phase,

400 cps, induction servomotors,

The drive electronics (Figure 3-11) for both the hinge axis and
shaft axis drives will be identical in concept, The main difference will
be in the power delivered to the drive motor. A digital signal from the
CS and C corresponding to an incremental shaft position is loaded serially
into an up~-down counter register, The register output triggers the motor
driver which applies two-phase, 400 cps power to the drive motor, The
pulses fed back to the register from the shaft position encoder decrement
the input register back toward zero as the drive shaft approaches the
desired position, An additional up-down counter register accumulates

the absolute shaft position angle for telemetering back to earth,
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Figure 3-11, Drive Electronics Block Diagram

Two gimbal position pickoffs are required for determining the
position of the antenna about each axis, Antenna position is measured by
a magnetic, noncontract incremental shaft encoder using a variable reluc-

tance transducing technique,

A small cable wrapup assembly is required on the hinge axis

to accommodate wires from the shaft axis drive and position pickoff, '

This assembly consists of wires grouped together in a flat ribbon which
is wound around the hinge axis trunnion and shielded from direct exposure

to space,

Motion about the hinge axis is limited by a set of limit switches
to interrupt the drive motor circuit at appropriate hinge axis positions.
Motion about the shaft axis is controlled by logic circuitry to prevent
damage during deployment or stowage of the antenna, The shaft axis is
inoperative until the antenna is deployed; the antenna is not capable of

entering the stowage position until it is first properly oriented about the

shaft axis,

The RF transmission path is required to traverse two axes of
rotation in the high-gain antenna assembly, Three methods of providing
the required relative motion across the axes were studied, cable wrap-up,

contacfing rotary joints, and noncontacting rotary joints. The cable wrap-
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up was considered the least desirable because of the bulk and weight re-
sulting from the number of turns required. Spring tension exerted on the
actuator mechanism and fatigue of the coaxial cable were also considered
as detracting from reliability, Flexible cable would be used for this case,
but the fact that it becomes a rigid element if the cable heater fails neces-
sitated a layout on the basis of its behavior as a rigid coil structure,

Such a case would require a bobbin and minimum of six turns per axis on
approximately a 6-inch diameter with additional radial clearance for
growth during rotary motions, causing unwinding of the coil. Such an
arrangement would weigh approximately three times that of the non-
contacting rotary joint arrangement and would have the additional negative
factors of noise during flexure, increased electrical losses due to the
additional cable lengths involved, and restriction of angular rotation in

one axis,

The contacting type rotary joint was eliminated because of prob-
lems associated with providing reliable electrical continuity without con-
tact welding in a space environment, The non-contacting type is proposed
as the simplest, most reliable, and the lightest in weight, By utilizing
the bearing structure integral with the actuator geometry, and so arrang-
ing the actuator shafting to accommodate the required hardware, it was

possible to design the rotary joints into the actuator assembly so that

they are an integral part of that assembly and utilize its bearing system,
To keep insertion loss as small as possible and to provide rotation capa-
bility at the extreme temperatures of space environment, air dielectric,
noncontacting, choke-coupled rotary joints are used, The insertion loss
is less than 0,1 db over the operating frequency band of 2000 to 2500 Mc.
The rotary joint is an integral part of the gimbal axis structure (see

Figure 3-9); relying on the gimbal structure for alignment as well as

the rotating mechanism,
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The construction of the rotary joint is shown schematically in
Figure 3-12,

THAISIVISIIAIISITISA YIS HARNN LA,
2
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Figure 3-12, Rotary Joint Construction Schematic Diagram

All the choke sections, denoted by 1, are one quarter-wave long at the
center frequency. To prevent leakage an external choke of impedance

203 is added to the outer conductor choke section,

For simplicity Z03 is assumed infinite, and Z01 equal to ZoZ' The
Characteristics impedance Zo is normalized to one. The ABCD matrix
of the two chokes displaced by the length 1 along a lossless transmission
line is

2

. . . 2 . .
cos 31 + 201 cot 611 sin Bl -2j Zoi cot [511 -j 201 cot 611 sin B1 + j sin Bi

j sin Bi cos B1 + Z01 cot 611 sin 1
where B1 is the electrical length of the choke sections and [311 is the
electrical spacing between the two chokes. The insertion is then given by

f 1 2 2
L =10 Logio, 1+ 4[(A-D) - (B-C) J\ (3.1)

If ;

4 -D)% - (B - ¢ T

and 1, = (T +¢)

I
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where @ is the difference in electrical length from the center frequency

choke length of % , then

p1=511=(-721-+¢ .‘21=¢)
2

Z01 f;a.n2 f sin (% +0) (3.2)

and ‘ K , = 2201 tan 9 cos

The relation of

K lto the coaxial transmission line VSWR is
iKl VSWR -1

VVSWR (3.3)

For the case of 0.1 db insertion loss, Equation (3.1) yields
[K' % <0.08
This is the maximum IK, 2 possible for the specified amount of loss.
Using Equation.(?:. 2) with a band center of 2250 Mc, band edges
of 2000 and 2500 Mc and assuming 201% Z02 = 0,40, normalized to one,
[x| = o0.062

This corresponds to a VSWR of 1, 065:1 attained from Equation (3, 3).

d. Feed System

Two possible types of feed for the high-gain antenna were con-

sidered, Cassegrain and focal point,

Figure 3-13a illustrates a simple Cassegrain configuration,
consisting of a paraboloid main dish, hyperboloid subdish, and a feed
horn at or near the vertex of the paraboloid. The hyperboloid subreflec-
tor enables the placement of the primary feed at a more convenient point
in the system. Figure 3-13b illustrates a conventional feed at the focal
point of the paraboloid, The requirement of 5-degree half-power beam-
width is easily supplied with the focal point feed. The Cassegrain feed

is generally used for half-power beamwidths of 2 degrees or less,

The Cassegrain feed allows the use of shortened transmission

lines from equipment compartments to the feed assembly; focal-point
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feed must utilize a longer length of transmission line with its associated
insertion loss. However, the increased mechanical complexity in the
fabrication and suspension of two continuous reflectors for a Cassegrain

outweighs the advantage of the lower cable loss.

PARABOLOID MAIN REFLECTOR

HYPERBOLOID SUB REFLECTOR
ACTUAL FEED POINT

VIRTUAL FEED POINT

2

=7 Jﬂ*

SIMPLE CASSEGRAIN CONFIGURATION (A)

/VRABOLOID REFLECTOR
V—.\
\ FOCAL FEED

CONVENTIONAL FOCAL FEED ( B)

Figure 3-13, Cassegrain and Focal Point Configuration

The required aperture of the focal feed assembly to alluminate
the 6-foot diameter paraboloid reflector leads to a first side-lobe level
on the order of 23 db down from the main beam, If a similar feed is
used, and the restriction of minimum aperture blockage is imposed on
the simple Cassegrain, the side-lobe level increases to 18 db below the

main beam. The effect arises from increased aperture blockage.

Advances in present coaxial techniques, such as low loss semi-
rigid cable, make it feasible to use the cable itself as the supporting

structure for a focal feed.,
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Based on simplicity of design, coupled with the above mentioned

electrical advantages, a focal feed was selected.

A major development consideration in a paraboloid reflector antenna
is the primary feed and its supporting structure. Preliminary investigation
has shown that it is possible to excite a two-arm Archimedian spiral within
a circular waveguide. By launching a wave that is already circularly
polarized, rather than creating one using phase delay techniques, many
components required to produce a circularly polarized wave are eliminated,
thus increasing the reliability of the primary feed. The diameter of the
flared aperture will be approximately 4 inches, which gives a calculated
side lobe of -23 db due to aperture blockage. A balun transformer, as
described by J. W. Duncan and V.P. Minerva, is incorporated in the trans-

mission line to match the spiral element.

The length of the circular waveguide feed is approximately 3 inches.
Investigation will be conducted on the aperture shape to obtain the required
beam taper. In the narrow plane of the elliptical paraboloid reflector, the
subtended angle from the focal point to the edges is 119 degrees, while the
broad plane subtends an angle of 130 degrees. The radiation pattern of the
primary feed will be so shaped that the edge illumination is constant at

-10 db from the beam peak.

The feed horn is a simple aluminum dip-brazed shell composed of
the flare, straight tubular section, and the back wall. Incorporated in the
assembly is a bonded phenolic structure to clamp the double spiral launcher
in place and provide a column load reaction path from the coaxial line feed/
balun extending from the vertex of the paraboloid to the back wall of the
dip brazed assembly. Integral with the top of the feed is a crossed spring

tensioner/compensator working in conjunction with the stabilizing wires.

A portion of the transmission line acts as a feed suppor;c strutt as
well as a transmission line. The remainder of the transmission line
serves only as an RF path. The transmission line between the feed and
the diplexer contains two rotary joints and a short section of line internal
to the actuator which completes the rf path. All of the line utilizes safety
wired aluminum type "N" connectors for joint continuity, and is routed
adjacent to structure where appropriately spaced tie down points support

it during ground handling and dynamic environmental conditions. The line
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uses aluminum tubing for the outer conductor with a dielectric foamed
polyethelene. The center conductor is copper. This material was chosen
over an air dielectric, bead supported line since therec is little difference
in the electrical performance of the two and the foamed type provides a
considerably more reliable structure. Although the cells are closed in the
foamed type of dielectric structure, Pioneer and OGO have demonstrated
that the outgassing is gradual and causes no significant problems. The
possibilities of connected cell foamed dielectric structures and other
dielectric materials need to be investigated further. Teflon was considered
inapplicable because of its expansion and contraction characteristics over

the temperature ranges which, in the case of the coaxial line, can range
o
between 160 and 320 F.

1.4.2 Medium Gain Antenna

As a backup to the high gain antenna and to provide additional flexi-
bility for communications during attitude maneuvers, a single gimbal
medium gain antenna is used. The power budget indicates that communica-
tions can be maintained out to a rainge of 2. 3 x 108 kilometers at a rate of
1024 bits/sec with a 24 db gain antenna. Naturally, at shorter ranges,

higher bit rates are possible.

The angular coverage requirements for the 24 db antenna are similar
to those of the high gain antenna. However, it has been determined (see
Volume 4) that a single gimbal properly oriented can provide acceptable

earth coverage if the beamwidth is at least 10 degrees.

Figure 3-14 plots the error of the single gimbal medium gain antenna
look angles as functions of time. As shown, the error decreases with time,
such that the earth becomes centered on the beam of the antenna as the
range increases, providing a nearly constant gain level toward the earth
throughout the flight of the spacecraft. Greater than 3 db pointing loss will
be experienced during a portion of the trajectory, but this condition occurs

close to earth, at which time the loss can be tolerated.
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Figure 3-14. Pointing Error of an Antenna with Single Gimbal Movement
Whose Axis of Rotation is Oriented at a Clock Angle of
195 Deg and a Cone Angle of 95 Deg

Except for the difference in size between the 3-foot paraboloid
(Figure 3-15) and the high gain sectoral elliptical antenna, the construction
and geometry are generally the same. The materials are also identical
except for gauge which, in the case of the 3-foot paraboloid is reduced to
0. 020 inch, and the yoke and yoke ring to 0.030 inch. Stowing is accom-

plished in the same manner.

A major difference, however, is that for the medium gain antenna
only one axis of motion is required, which will provide both deployment
and look angle positioning. Because of the lower mass of the 3-foot
antenna structure, the shorter moment arm, and the elimination of one
axis of rotation, the actuator is considerably smaller. Functionally it is
a scaled verision of the dual axis actuator on the high gain paraboloid,

incorporating a single integral rotary joint.




YOKE RING 1 FT, 6 IN. DIAMETER WEIGHT:
1.5 IN, DIAMETER TUBE
0.030 WALL THICK DIsH 1.20

LATCH POINT
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CLEVIS TONGUE) A

MISCELLANEOUS ~ 0.25
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(PIN BUSHINGS)

0.025 50/50
ACCEPT 1.5 IN, DIAMETER >\ PERFORATED

ACTUATOR SHAFT ALUMINUM DISH
i gn |

U

Figure 3-15. Antenna 3-ft Circular Dish

The basic drive mechanism, rotary joint, and mounting arrangements .
are similar to the design for the high gain antenna. Gimbal freedom of the
medium gain dish is #90 degrees relative to the plane of the solar array.

Figure 3-16 shows the drive mechanization.

The medium gain antenna is a circular paraboloid utilizing a circular
feed horn with a conical flare. The f/D ratio is 0.4, providing an angle of
128 degrees from the focal point over which the feed must provide illumina-
tion. The proper aperture to provide illumination at the center of the
paraboloid is in the region of 4 inches, requiring only a small flare from
the 3. 6-inch diameter of the circular waveguide. The same method of
excitation as in the case of the high gain antenna is utilized, and the same

method of support to maintain the feed horn at the focal point.

1.4.3 Low Gain Antenna

The low gain antenna coverage provides telemetry coverage during
boost through a coupling aperture in the vehicle fairing. Its gain require-
ment is 2 db at cone angles of 45 degrees to enable command reception at
encounter plus one month; and a primary design objective is to attain the .

largest possible coverage within this constraint.
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a. Coverage Requirements

The configuration of the low gain antenna is governed primarily
by its coverage requirements. These, in turn, are determined by the look
angle history from the spacecraft to earth as a function of the spacecraft

trajectory.

Before and during launch, the downrange direction will be located
at the 45-degree spacecraft clock angle relative to the Canopus Sensor.
Thus the low gain antenna must be capable of covering the appropriate cone
angles at this 45-degree clock angle during these phases. A window must

be provided in the shroud to allow communication with the ground station.

After the shroud has been removed, and until the sun has been
acquired, the time history of cone and clock angles of the spacecraft relative
to earth have not been defined. This is not considered critical, however,

since sun acquisition is an automatic function.

After sun acquisition, and until Canopus acquisition, it is
desirable to provide antenna coverage to a cone angle of 110 degrees at
clock angles from O to 360 degrees since, in case of false Canopus acquisi-
tion, it is desirable to be able to command the spacecraft to repeat the
Canopus acquisition maneuver. These maneuvers, however, will occur
relatively early in flight at relatively short ranges. Consequently, com-
munication can successfully be accomplished with antenna gain on the order
of -30 db.

After Canopus acquisition, the angles to be covered by the antenna
pattern are defined in Figure 3-6. It can be seen that a cone angle of 110
degrees is still required for some of the flights but at a specific clock angle
of 90 degrees. At this range antenna gain levels as low as -22 dbi are
allowable (command and 128 bits per second telemetry) since, for these
angles, the spacecraftis still relatively close to earth. The antenna, tenta-
tively selected, is located at 45-degree clock angle, with its primary lobe
centered at 0 degree cone angle with a free space radiation pattern having
a signal level no less than -8 dbi at 90-degree cone angle. However, there
will be an effect on the antenna pattern for certain look angles at cone
angles greater than 90 degrees. This effect will be seen as a shadowing

and diffraction of the pattern by the spacecraft, resulting in reduced gain




and some lobing as the direction of coverage goes below the line-of-sight

to the spacecraft. Complete loss of signal will occur over an unpredictably
small angular portion of the volume about the antenna. This loss is caused
by masking by the spacecraft. Coverage in this region is important early
in flight, where a gain of -30 to -22 dbi is required, but is less important
after Canopus acquisition, in which case the line of sight from the earth is
not in the shadowed region of clock angles. After 20 days, the cone angle
for all trajectories considered is less than 90 degrees; hence, full clock
angle coverage is obtained. As the spacecraft approaches encounter, radia-
tion pattern coverage is required within a cone angle no greater than 45
degrees. The gain required near encounter is 2 dbi minimum. The primary
antenna has a gain of 2 dbi minimum at the 45 degree cone angle for all

clock angles.

A possible solution to the coverage requirement for the low gain
antenna is in the use of a deployable boom. To improve the coverage, it
would be necessary to place the antenna such that the line-of-sight angle
from the antenna to the spacecraft is equal to or greater than 110 degrees
at all spacecraft clock angles. This, of course, adds complexities with
accompanying loss in reliability to the antenna system. However, detailed
look angle pattern studies are required and consideration of various

approaches including the use of booms will be conducted in Phase IB.
To obtain the pattern coverage required for the earth-spacecraft

link, consider the idealized radiation power pattern

PzPo( > (3.4)

The boresight directivity gain relative to an isotropic radiator of matched

1 + cos e)k

polarization is obtained from

4wPo 2

87 r2m m i T 1+cos9k I
J / P sin 6d 6d¢ f (———2—-—) sin 6d6
= 0=06 8=0
L o
The gain at a cone angle, 6, off the antenna boresight is then
k (3.5)
g=k+1)(1+zcos 9)
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Figure 3-18 shows plots of Equation (3.4) for various values of k.

Figure 3-17 gives plots of Equation (3. 5) for various cone angles. Just
after launch the high cone angles will be of importance. The plots indicate
low signal levels for these angles. However, the spacecraft is initially
relatively close to earth. As the spacecraft moves closer to Mars, the

cone angles of consideration lie between 0 and 45 degrees.
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Figure 3-17. Theoretical Pattern Gains

Figure 3-17 indicates that the maximum pattern gain obtainable at
45 degrees is 4.4 dbi for an antenna with a matched polarization ellipse.
However, the maximum is fairly broad, so that from the point of view of
high angle radiation, it is better todesign around as small a value of k as
is compatible with the over-all gain requirements at 45 degrees. The
reason for the maximum at 45 degrees is that as the gain on boresight gets
larger, the radiation pattern becomes narrower faster than the gain
increases, and finally becomes so narrow that at 45 degrees the gain
decreases. It may of course be possible to obtain more gain at a given
angle by appropriately shaping the radiation pattern so that the functional
relationship is different from that of Equation (3.1). However, from a
practical point of view, such shaping is generally difficult, can be frequency
sensitive, and may require more space and additional weight. Since cir-
cular polarization is required, the combined problem of maintaining the
beamshape and the axial ratio can become prohibitively difficult.
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b. Selected Antenna

Figure 3-19 shows the antenna selected, pending further study,
which closely approximates the pattern of Figure 3-17. This antenna utili-
zes a cup-dipole configuration to obtain equal E- and H- plane radiation
characteristics throughout one hemisphere. The following performance

characteristics are provided on Rantec Corporation.
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Figure 3-19. Rantec Cup-Dipole Antenna

Functional characteristics of the antenna are as follows:

Frequency 5.4 to 5.9 Gc

Impedance 50 ohm nominal

VSWR 1.5:1 max

Radiation Pattern Hemispherical, circular
polarization

Axial ratio 1.5 dbmax at 5.7 Gc 6 db max at

5.4 to 5.9 Gc (at any look angle
within the hemisphere)

10 db beamwidth 180 degree min

Physical characteristics are as follows:

Diameter 1.25 in.

Height 1.25 in. (less connector)
2.35 in. (over-all)

Weight 3.5 0z

Connector Type "N" Male

It will of course, be necessary to scale the antenna to the frequency band
2110 to 2300 Mc. It is found that the factor 2.57 almost exactly scales the
extremes of the 5.4 to 5.9 Gc band to the required frequencies. Figure 3-20
shows the experimental radiation pattern obtained from the Ranted antenna
at 5650 Mc. A theoretical pattern is also shown for Equation (3. 4) with

k = 3, The measured gain on the antenna boresight is 5. 8 dbi at 5650 Mc.
The theoretical gain is obtained from Equation (3.5) at 6 dbi on the antenna
boresight relative to a matched polarization antenna.
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c. Antenna Spacecraft Configuration

The proper pattern coverage is realizable assuming no space-
craft perturbation. However, to provide pattern coverage at cone angles
greater than 90 degrees for the launch and preorbital phase of the mission,
a second antenna is mounted with the primary antenna as shown in
Figure 3-21, such that the primary antenna is boresighted along 0 degrees
cone angle and the secondary antenna is boresighted along a cone angle of
135 degrees and a clock angle of 70 degrees. This second antenna is de-

coupled from the first, using an antenna coupler, rather than an RF switch,
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for increased reliability. The two antennas are mounted as close together
as possible to reduce the ripple voltage in the array pattern in the neighbor-
hood of a cone angle of 90 degrees. The maximum allowable coupling to
the side-looking antenna is determined as follows:

Gain of Rantec antenna (pointed at 8 = 0 degrees)

at the 45 degree points in the pattern (relative to

a circularly polarized antenna) = 3. 8 dbi

Required gain at 45 degree points = 2.0 dbi

Maximum allowable loss due to coupled
side looking antenna = 1.8 db

Therefore, 10 log [____—.1}(] = 1.8db
Where X = ratio of decoupled power to input power

Therefore, 10 log X = -4.7 db = minimum
allowable decoupling

The effects of the spacecraft on the radiation patterns of either

antenna must be determined by suitable pattern measurements.

8 =135 DEG é

DECOUPLED
ANTENNA

WINDOW
COUPLER ASSEMBLY

7

SHROUD

7.

PRIMARY ANTENNA SOLAR ARRAY
8=0DEG

Figure 3-21. Low-Gain Antenna System

Figure 3-22 shows the geometry of the low gain antenna, which
as just described is actually two antennas in one package. The structure
is basically three tubes configured to form a "Y' shaped housing with one
leg providing the mounting strut and the other two legs containing the turn-
stile radiating elements. 6061 Aluminum 0. 030 wall tubing is used, and
fabrication is by flux-bath dip-brazing. The mounting strut is terminated

in an attachment flange and houses a coupler which provides for unequal
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power splitting between the antennas. This strut also contains the trans-
mission line which connects to the coupler, the two antennas, and the
spocecraft electronic equipment. A rib is brazed integrally with this
structure to provide additional structural integrity in the direction of boost
and deboost dynamic loading., The aperture of each turnstile tube is closed
with an epoxy-fiberglass radome for protection during ground handling and
storage, and is vented internally for pressure release during launch.

Total loss of or major damage to this radome should not affect the operation
of the antenna. The structure is sufficiently compact so that elements are

resonant substantially above any dynamic inputs from the spacecraft

structure.
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i.4.4 Capsule Link Antenna

The VHF antenna system, to enable the spacecraft to receive
telemetry signals from the capsule, at 136 Mc, consists of a right-hand
circularly polarized turnstile, with reflector, whose pattern is a cardioid
figure of revolution with the maximum radiation along the axis of the array
or normal to the plane of the turnstile. The assembly is mounted on the
back of the solar cell panel such that its axis is 50-140 degrees above the
plane of the solar cells, or at a cone angle of 50-140 degrees, and ata
clock angle of 105 degrees. The turnstile elements are symmetrically
oriented with respect to the spacecraft axis, each element forming a 45
degree angle with the solar cell array. The antenna is located at the out-
board edge of the solar cell array to provide as close to a free space
environment as possible, i.e., there will be essentially no reflections from

the spacecraft to cause perturbation in the basic cardioid pattern.

The gain of the VHF antenna is 4 db on the antenna axis with a beam-
width of approximately 120 degrees at the -3 db points. Circular polariza-
tion is obtained by feeding the two dipoles from the balanced end of a balun
and phasing the alternate elements capacitively and inductively to achieve

phase quadrature.

The gain and beamwidth of the VHF antenna is such that the coverage
is sufficient for any encounter date. The angles for the extremes of encoun-
ter dates vary from approximately 80 to 170 degrees cone angle from 100
to 155 degree clock angle. The choice of 140 degree cone angle and 105
degree clock angle represent an average of the most probable angles of the

various arrival dates.

A possible alternate configuration for the VHF antenna is a low gain
helix. For the electrical characteristics as outlined for the turnstile, a
helix would have the configuration shown in Figure 3-23. Although this
antenna would have a gain of 4 db, and a beamwidth of 112 degrees, the
radiation characteristics are somewhat unstable. Since each of the param-

eters, circumference, spacing, and number of turns, is at the lower limit
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for the axial radiation mode. In addition, because of the axial length of the
helix it would be difficult to mount it to prevent interference from the

spacecraft structure, Mounting of the helix on the back side of the solar

cell array would provide no mechanical problem, but since the helix
structure is more complex, than that of a turnstile, it would be somewhat

more difficult to maintain its structural integrity.
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.

w
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Figure 3-23. Helix Configuration

Figure 3-24 shows the geometry of the turnstile antenna. The
radiating elements are oriented at 90 degrees and are fed at their centers
by a stripline balun., The housing for the balun and the coaxial transmission
line form the central support structure for the turnstile and are mounted
to a ground plane which constitutes the reflecting element of the turnstile
array. To obtain maximum structural integrity with minimum weight, an
epoxy laminate shear web, 0.030 inch thick, is bonded between the radiating
elements and the reflector. The radiating elements are 0. 375-diameter
aluminum tubing with 0, 020-wall thickness, while the reflector will be
0.030-aluminum sheet. To provide stiffness in modes perpendicular to
the shear web an epoxy laminate is used for lateral webs at three points

along each of the four legs of the turnstile.
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1.5 Equipment and Components

1.5.1 S-Band Modulator Exciter and Low Power Transmitter

Several programs make use of S-band equipment similar to that
required for Voyager. Mariner C, Lunar Orbiter, Lunar Excursion
Module, Apollo Command and Service Module, Pioneer, Saturn, and the
Air Force Space Ground Link Subsystem (SGLS) each use phase-lock
receivers and coherent exciters. These programs, however, have dif-
ferent performance, environmental, and packaging requirements. In
fact, no two programs use identical equipment, although each is com-
patible with either the S-band DSIF or Apollo ground network (SGLS is
only partially compatible).

The receiver parameters are strongly mission dependent, these
being determined by the doppler profile, received signal power, command
modulation, ranging modulation, and acquisition characteristics. The
type of telemetry modulation, the gain of the power amplifier, and the
available input power determine.the modulator-exciter parameters,

Table 3-10 shows the range of parameters, input power required, and
other functional elements used with the basic receiver-modulator exciter

equipment in existing projects.

Each of the modulators considered are basically the same, They
make use of varactor diodes to phase modulate the RF signal at a low
submultiple of the output frequency. For example, given the output fre-
quency 240 f1 and a submultiple 8f1, at the modulated stage, the phase

deviation is 8 = m/30 for an output deviation of m.

The 8f1 signals are appropriately frequency multiplied by transis-
tors and varactor diode stages to the final output frequency and output
power, Since all of the exciters use varactor multipliers each must
consider the stability problems caused by input dynamic range, tempera-
ture, and load VSWR. Some designs require operating the multiplier

chains into bandpass filters.

The Mariner C exciter does not use a built-in bandpass filter or
isolator; these were external to the equipment, The Lunar Orbiter and
LEM exciters have isolators and filters built into the transceiver

assembly. The Pioneer exciter required neither. The power output of
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each of the equipment ranges from 50 milliwatts to 2, 5 watts with effici-
encies ranging from 8 to 15 per cent. The thermal problems associated

with these exciters are relatively minor.

The one design factor not required in most of the designs is mag-
netic cleanliness. Only the Pioneer unit is magnetically clean; its maxi-
mum permissible field is 3 y at 1 foot., Unless the design is made with
prior thought to magnetic properties, it is unlikely that the equipment

will be within an order of magnitude of the required value,

The exciter-modulator chosen for Voyager operates in either a
coherent or noncoherent mode, A diode switch selects the output of the
auxiliary crystal oscillator or the coherent reference (VCO) from the
S-band receiver. The presence of the in-lock signal from the receiver
selector operates the switch and turns off the power to the crystal-
controlled local oscillator. The oscillator output is multiplied to 4f and
phase modulated by either of two inputs, the telemetry and PN subcarriers
or the ranging code. The modulated carrier is then amplified and fre-
quency multiplied by varactor stages to 240f, An isolator and bandpass
filter provide the spurious rejection required and provide added stability

against load variations (see Figure 3-25),

IN LOCK
SIGNAL
%
AUXILIARY PHASE MULTIPLIER FILTER POWER MONITOR
- - - AND
OSCILLATOR GATE [ MULTIPLIR MODULATOR AMPLIFIER ISOLATOR  [TT20x 2F | 4-pORT HYBRID RING

REFERENCE
VCO (2f) OUTPUT
FROM RECEIVER

CS AND C BASEBAND POWER 4.1 KC
CONTROL ™| SELECTOR | DCVOLTAGES CONVERTER [™~ AC POWER
TELEMETRY RANGING CONTROL SIGNAL

FROM TRANSMITTER
SELECTOR

Figure 3-25, Modulator-Exciter

The transmitter requires that only one modulator-exciter be ener-
gized at a time, The unit operates from the 4800 cycle power source
and uses a transformer-rectifier AC to DC converter, A control signal

switches the prime power on or off.
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The following are the basic parameters of the modulator-exciter:

Modulation
Modulation bandwidth
Reference frequency
Multiplier ratio
Output frequency

Power output

PM, 0 to £ 4 radians
1.8 Mc

2f; 19.1 Mc

120

2295 Mc

100 milliwatts

The low power transmitter is identical to the modulator-exciter

except for the power output.

for telemetry transmission during boost and the early part of the mission,

The primary function of this transmitter is

The power output required is 1 watt,

1.5.2 Power Amplifiers

The recommendations included in this section are based upon the

information obtained in an S-band equipment survey. This survey was

completed in June 1965 and was centered around devices capable of pro-
ducing from 20 to 40 watts, CW, at 2,295 Gc. The lower bound of

20 watts is considered to be the current state of the art and the upper

bound is set by the worst case primary power limitations of the space-

craft at encounter plus 1 month,

The S-band power levels under consideration dictate the use of

microwave tubes as opposed to solid-state devices, Present day projec-

tions for transistors are that reproducible devices capable of 15 watts at

Gc will be available in 1968,

Varactor chains achieve efficiencies near

10 per cent, and although improvements can be anticipated, solid-state

gains are expected to be offset by gains in tube efficiencies, Therefore,

it appears that S-band solid-state power amplifiers need not be considered

at least for the first several Voyager missions.




The microwave tubes that were considered for Voyager are as
follows:

° Amplitrons

e Electrostatically focused klystrons (ESFK)

° TWT's
o Triode cavity amplifiers

As a result of this survey and subsystem comparisons, amplitrons and
triode cavity amplifiers were eliminated. It was determined that ESFK's
possess the greatest potential when used as a power amplifier at power
levels equal to or exceeding 40 watts, but fundamental development effort
is required. Traveling wave tubes have emerged as the best choice for
both the 20-watt and 40-watt power amplifier because of their availability

and proven history,

An accurate comparison between the various devices cannot be com-
pleted from a tube consideration only. The peripheral equipment required
by each tube is markedly different in some instances: therefore, an am-
plifier package containing the tube power supply, regulator, and RF

equipment must form the basis of comparison.

Amplitrons, Although 20-watt amplitrons are being success-
fully integrated into the LEM, many of the desirable features of this tube
are lost in achieving a reliable package., Anticipated tube life poses a
question of such magnitude that there is justification for employing a tan-
dem connection of two tubes in series, each with its own power supply.
This configuration is particularly well suited for the amplitron because
the unattenuated slow wave structure permits selective operation of a
single tube through the low loss path (0, 6-0.7 db) of the inactive tube.
This scheme enhances reliability but the package parameters decrease
so that, typically, a worst case RF gain of only 14 db is realized at a

worst case package efficiency (including power converter) of near




23 per cent, Thus, the advantages which appear to be offered by a

55 per cent basic tube efficiency are degraded to a point where the ampli-
tron package efficiency fails to equal that achieved by other devices.
Furthermore, the question of amplitron package life is not completely
satisfied by the added redundancy presented because the life expectancy
of the amplitron has not been demonstrated or adequately predicted.
Since the amplitron is a crossed-field device similar to the magnetron,

it is reasonable to expect amplitron tube life similar to that experienced
in a magnetron, Magnetron lifetimes near 5000 hours are frequently

experienced, insufficient for the Voyager mission,

The broadband noise and spurious content of the output spec-
trum of the amplitron impose additional requirements on output RF filter-
ing, Measurements on the LEM package have revealed the presence of
coherent spurious signals as great as 20 dbm in a.mplitudé less than 80 Mc
away from the desired output signal, Noise figures are anticipated to be
as high as 50 or 60 db, These measurements indicate the need for filter-

ing beyond that required for other tubes.

Triode Cavity Amplifiers, Triode cavity amplifiers are avail-

able from Resdel Engineering, at both 20- and 40-watt levels. Over-all
tube efficiencies greater than 23 per cent at 20 watts and 24 per cent at
40 watts cannot be anticipated. An 88 per cent power supply efficiency
decreases the power amplifier to an over-all efficiency near 20 and 21
per cent for 20- and 40-watt levels. The greatest disadvantage, however,
is that only 10 db RF gain is provided by the triode cavity amplifier,
requiring a much greater power output from the modulator-exciter than
does the ESFK or TWT,

Electrostatically Focused Klystron, At the 20-watt power level,

a prototype design exists for an ESFK. The total package efficiency is
only 17 per cent at this level. At the 40-watt power level, the ESFK is
expected to be competitive with the TWT after completion of development
and establishment of reliability data, The ESFK offers potential advan-
tages over the TWT as follows:
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‘ a) Efficiency. Predicted tube efficiency of 35 to 40 per cent
at frequency band center,

b) Power Supply Requirements

1) The regulation required of the power supply would be
considerably lessened due to the relationship between
RF power out and variation of beam voltage, The TWT
requires approximately four times more regulation
than the ESFK for the same deviation in power output.

2) The ripple requirements on the power supply would be
approximately one-fourth those required with a TWT
inasmuch as the phase sensitivity of the klystron is
less than 1 deg/volt,

3) Only two voltages are required for tube operation plus
the filament as opposed to the three voltages plus
filament required in a traveling wave tube,

4) With a klystron, the power supply need not be tailored
to each individual tube and can be cross-strapped for
} redundancy in the power amplifier section,

| ' 5) The power supply should inherently weigh less because
of the above considerations and the added efficiency.

c) Filter Characteristics. The electrostatically focused
klystron utilizes cavities coupled to the beam for its ampli-
fication characteristics, Therefore it inherently provides
bandpass characteristics in the order of 2 to 10 Mc.

d) Multiple Power Operation. The output power of the kly-
stron is directly proporti?nal to the beam power, which
varies proportional to vo/2, Thus, a 1 per cent change
in beam voltage will yield approximately 1.25 per cent
change in RF output power, as opposed to a 5 per cent
change in the traveling wave tube, This difference is
brought about because of the beam synchronism require-
ments inherent within the traveling wave tube, Directly
resulting from this independence of synchronism, the
collector and beam voltage scale proportionately as RF
power output is changed, thus yielding the capability of
multiple power operation or failure mode operation,
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¢) Reliability

1) Ion Trapping. The focusing anodes distributed through
the tube will be at cathode potential, therefore producing
a higher voltage gradient than the cathode to any ions
produced beyond the first focusing anode.

2) Interaction Structure., The beam length is approxi-
mately one-fourth that of a traveling wave tube, there-
fore requiring much less precision in alignment.
Furthermore, because of electrostatic focusing rather
than magnetic focusing, the defocusing of the beam
caused by temperature is almost nonexistent.

3) Partial Power Supply Failure. In the case of a major
primary power deviation, the chances of damage to the
tube are much less than for a traveling wave tube
because of the proportionality of beam and collector
voltages.

4) Failure Modes. It is predicted that the failure modes
would be similar to those of normal klystrons such as
cathode emission, heater failure, vacuum leak, and
arcing.

The main shortcomings of the ESFK are

[ ] Its inherent efficiency degradation at the frequency band
edges, and

® The lack of actual life data,

Traveling Wave Tubes, TWT's are the most desirable approach

in fulfilling the S-band power amplifier requirements for Voyager because
they have been successfully used in many different space programs,
Telstar, Relay, Syncom, Early Bird, and Mariner, Thus more data is
currently available on the characteristics of a TWT in the space environ-

ment than any other contemplated power amplifier.

A 20-watt TWT, qualified for the Apollo program and currently
in production by Hughes Aircraft, Microwave Tube Division, has the

following characteristics:
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Frequency 2.2 - 2.4 Gce

Power output 20 watts (min)
RF gain 30 db
Efficiency 30 per cent (min)

Phase sensitivity 3 deg/volt
Weight 22 oz

Five of these tubes have been placed on life test and have accumulated
over 10, 000 hours of successful operation., In conjunction with an

85 per cent efficient power supply, the power amplifier package exhibits
a worst case efficiency (including output filter) of 22 per cent., The attri-
butes of availability, efficiency, and demonstrated reliability cannot be

matched by any other device in its output power range.

Several TWT's have been operated at higher power levels,
Although these experiments required cathode current densities inconsis-
tent with long life, they did illustrate the 40-watt capability of spaceborne
TWT's, A flight qualified 40-watt tube would incorporate a larger gun,
helix, and magnet stack to accommodate the larger currents, All manu-
facturers are in general agreement that this development can be accom-

plished in 9 months,

Although tube manufacturers are claiming tube efficiencies in
excess of 40 per cent at the 40-watt level, the constraints of variable RF

drive, environmental excursions, aging, and long term power regulation

are expected to yield a worst case tube efficiency of near 33 per cent.
When matched to an 85 per cent efficient power supply, the power ampli~
fier package worst case efficiency would be 28 per cent. This figure will
be degraded further if the insertion loss of the required output bandpass
filter is included. This filtering will be in excess of that required by the
ESFK since the second harmonic output of the TWT is expected to be

10 db below the fundamental, This added filtering could decrease the
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package efficiency to as low as 26 per cent. Since RF gains of both the
20~ and 40-watt tubes are equal to or in excess of all other devices con-

sidered, driver power levels are minimal.

A possible disadvantage of the TWT when compared with the
ESFK is the external magnetic field produced by the magnetic focusing
assembly, Experience on Pioneer, however, has shown that stray field

effects can be controlled,

The preceding comparison of amplitrons, triode cavity ampli=
fiers, ESFK's and TWT's is summarized in Table 3-11 and Figure 3-26.
Based upon availability, proven reliability and life history, the 20-watt
TWT has been selected for the 1971 Voyager spacecraft, operating in a
redundant configuration. An increase in RF power output to 40 watts,
using either a TWT or ESFK can be supported by the spacecraft power
system at encounter plus i month, but involves some power amplifier

development risks.

The salient electrical and mechanical parameters and con-
straints for the 20-watt TWT amplifier are as follows:
Maximum DC input power 90 watts, which accom-
modates a 22, 5-watt

TWT to overcome esti-
mated RF filter losses,

Minimum filtered power output 20 watts
Minimum power gain 28.5 db, accommodating
a 50 mw £ 2 db driver

and filter losses,

Maximum weight (including
power supply) 6 1b

maximum base plate
temperature 100°C
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Figure 3-26

Comparison of Power
Amplifiers Input Power
Versus Power Output

A block diagram of the power amplifier package is given in Figure 3-27,

All microwave components are sized to handle at least 40-watt power

level,

It is proposed to investigate during Phase IB development risk of

a40-watt TWT for the 1969 and 1971 missions together with the possibility

of an ESFK klystron development for the power range of 40 to 100 watts

for use on later missions,

RF OUTPUT TO BANDPASS
FILTER AND SWITCHING

RF INPUT FROM
REDUNDANT DRIVERS

TWT

+2 PER CENT

COLLECTOR/CATHODE VOLTAGE

+1/2 PER CENT CATHODE, HELIX VOLTAGE

+2 PER CENT HELIX/ANODE VOLTAGES

+2 PER CENT FILAMENT

Figure 3-

POWER
SUPPLY

INVERTER,
BRIDGES,
FILTERS,
TELEMETRY,
AND CONTROL
CIRCUITS

REGULATOR

SPACE-
CRAFT DC
BUS

27. 20-Watt TWT Power Amplifier Block Diagram
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1.5.3 Transmitter Selector

The transmitter selector consists of four logic devices: the exciter
selector, power amplifier selector, the antenna selector, and the mode
selector. The transmitter selector operates in six modes (as shown in

Section 1.1).

Figure 3-28 is the state diagram of the exciter selector, If both
transmitter output power and exciter output power drop off, the redundant
exciter is switched in, providing that the exciter power is on. The exciter
selector is an autonomous unit which operates independently of external
commands except for ground checkout commands. It requires two flip-

flops and four dual gates.

Figure 3-29 is the state diagram of the power amplifier selector.
It operates upon loss of output power and upon CS and C command to pro-
vide the maximum possible output power, subject to CS and C command,

at all times, Two flip-flops and four dual gates are required.

Figure 3-30 is the state diagram of the antenna selector, which
operates on ground command or on loss of Canopus lock. If loss of lock
occurs, the maximum-coverage antenna is selected automatically, The

antenna selector requires two flip-flops and four dual gates,

Table 3-12 shows the required states for the power amplifier selec-
tor and the antenna selector for each of the six modes discussed in
Section 1,1, This table defines the operation of the mode selector, which
requires 14 dual gates to drive the circulator switches and transmitter

DC power switches.

Table 3-12, Required States for the Power Amplifier Selector
and Antenna Selector

Power Antenna
Amplifier Selector
Mode Selector State State

I (launch) 1 1
II (after sun-Canopus lock) 1 2
III (cruise, maneuver, encounter orbit) 2, 4 2
IV (backup) 3 2
V (backup) 1 3
VI (backup) 2, 4 3
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Figure 3-28. Exciter Selector
State Diagram
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Figure 3-29.
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Figure 3-30. Antenna Selector
State Diagram
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i.5.4 S-Band Receivers

The Voyager S-band receiver requirements are similar to those of
Mariner C and several other space programs. The receivers considered
correspond to the transponders investigated (see Section 1. 5.1 and
Table 3-10). The receiver must accept and process the following signals
from the DSIF,

e Locked VCO reference signal for two-way doppler
tracking

. Detected pseudo-random range code

. Detected composite command subcarrier.

An analysis of phase lock loop bandwidth requirements based on
threshold performance and worst case dynamic tracking error in orbit
has established a threshold criteria of 2 B, = 22.5 cps and 8 db S/N in
2 Blo as carrier performance threshold with commands present. This

corresponds to 2 B, = 32 cps at 6 db SNR (see Section 6 of Appendix D).

The receivers listed as part of Table 3-10 use similar design tech-
niques for the mechanization of the phase-lock loops. However, one dif-
ference is worthy of note, the use of an offset frequence reference
oscillator, A separate offset frequency reference oscillator is used in
the Pioneer and SGLS receivers; the SGLS receiver has a ranging detector,
but the Pioneer receiver does not. However, it should not be inferred
that other mechanizations will not work; the Lunar Orbiter has no separate
offset frequency references oscillator, but has been redesigned slightly to
eliminate some of the difficulties noted during some of the Mariner C
tests. A thorough re-evaluation of this problem should be made in
Phase IB,.

The implementation of the ranging detectors used in Mariner C and
the LEM, CSM, and SGLS receivers differs somewhat, Mariner C
makes use of automatic gain control prior to the range code synchronous
detector, followed by a high-gain video amplifier. The other receivers
use hard limiting (as in the phase-lock loop) prior to synchronous detec-
tion, These designs also make use of higher IF levels and thus small

video gain after detection, The hard limiter design has been adapted
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when there has been a possibility of an interfering signal in the receiver,

V3

as is the case in the Apollo program.

The magnetic properties of the receivers were not considered in
any of the programs except Pioneer. The parts and materials used for the
Pioneer equipment were chosen with the total magnetics problem consid-
ered. The residual magnetic fields were measured at about 3y at 1 foot,
approximately an order of magnitude better than could be expected from

the other existing designs,

Thebasic selectedreceiver configurationis shownin Figure 3=-31, The
RF selectivity is provided by the diplexer apart from the receiver, The
mixer uses conventional diodes in a balanced mixer configuration, fol-
lowed by wideband IF and a second conversion, The output is split for the
ranging demodulator and the narrowband phase-lock loop. A crystal {filter
precedes the hard limiter, which feeds the carrier phase detector, loop
filter, and VCO., The command output is taken off prior to the loop filter.
An inphase synchronous detector is used to derive the in-lock signal,
which is used by the receiver selector., The wideband IF output goes to
the ranging detector, where it is hard limited and synchronously detected
with the coherent reference from the carrier phase-lock loop. The rang-
ing detector must be commanded on and off as required so as not to inter-
fere with telemetry function in the modulator-exciter. The output of the
ranging detector is sent to the modulator-exciter, The detailed receiver
implementation to be finally selected will depend upon a careful review of
reliability and performance, but the survey of present programs makes

clear that several acceptable receivers exist,

T COHERENT REFERENCE
o IN-LOCK
PHASE-LOCK
LOOP
S-BAND FRONT COMMAND
END iF's AND
5=BAND= - GHERENT L.O. 1
MULTIPLIERS
RANGING |
DETECTOR RANGE CODE
j—RArxlcsn\nG-orxl-OFF
+DC =]
AC TO D
TO RECEIVER C&JVOERTCER e AC POWER
~DC

Figure 3-31. S-Band Receiver

*11Final Report: Apollo Unified S-Band System Tests, Phase I, ' Volume I,
Contract NAS 9-2563, of August 1964, presented to NASA/MSC by Motorola.
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The receivers are always powered, The outputs of each receiver
(command subcarrier, coherent reference, range code, and in-lock sig-
nal) are sent to the receiver selector, where the choice of receivers is

made,
The following are the major receiver parameters:
Noise figure 10 db
Carrier tracking bandwidth ZBL = 32 cps (operating

threshold, a = 0.1)
2B, =20 cps (strong signal,

a = 1.0)
Frequency 2115 £ 5 Mc
Predetection bandwidth 4,5 Kc

Ranging channel RF bandwidth 3.3 Mc
Dynamic range ~142 to -50 dbm
Outputs

e Reference signal 19 Mc

e In-lock signal

o Composite command subcarrier

e PN range code

Inputs
® Power
¢ RTI signal

e Ranging on-off

1.5.5 Low Noise Preamplifiers

This section discusses alternate methods of improving the noise
figure of the S-band receiver, Devices considered include tunnel diode
RF amplifiers, transistorized RF amplifiers, and improved mixer-IF

amplifier combination.

Tunnel diode amplifiers (TDA) are clearly the most promising of

the various techniques possible for receiver noise figure improvement,
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Many TDA's are currently marketed providing typically a 4 to 5 db system
noise figure and a power gain of 14 to 17 db, in the 2200 to 2300-Mc band.
The TDA's which result in system noise figures close to 4, 0 db employ
gallium antimonide (GaSb) tunnel diodes., For the following reasons it is

recommended, however, that germanium (Ge) tunnel diodes be used in any

TDA considered for the Voyager program:

1) Germanium diodes can be constructed with fewer unde-
sired impurities than gallium antimonide, -

2) TDA's made with germanium diodes do not require tem-
perature compensation to assure gain stability,
A TDA constructed with the Ge tunnel diode would provide 15 to 17
db gain and result in a system noise figure of less than 5 db. Absolute
stability of the tunnel diode amplifier is assured through the use of four

or five port circulators connected in the manner shown in Figure 3-32,

FOUR PORT CONNECTION

INPUT OUTPUT

Figure 3-32
Four- and Five=-Port
FIVE PORT CONNECTION Circulator Connections

SVAVAVAS

Assuming a 17-db amplifier gain, the four-port circulator requires
approximately 30 db isolation between the tunnel diode port and the input
port to ensure a return loss of 13 db., The five-port circulator amplifier,
on the other hand, ensures a greater return loss with less critical speci-

fication of the port-to-port isolation of the circulators. A typical return

>'<R. P. Nanavanti, '"'Some Physical Mechanics Contributing to Tunnel

Diode Failures,' Proc., Symposium on the Physics of Failures in
Electronics.
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loss at the TDA input port of the five-port circulator coupled amplifier
would be on the order of 23 db, The price paid for this greater return
loss is the size and weight of the tunnel diode amplifier. The return loss
can be considered as a first approximation to the relative stability against
oscillations. Despite the size and weight penalty, it is recommended

that a five-port circulator coupled amplifier be used because of its higher
return loss. Reliability is perhaps the greatest question concerning
TDA's since little meaningful life test data is available. If a TDA is used
in the Voyager spacecraft, a great deal more information must be obtained
by more meaningful life tests than have been run previously. The most
significant reliability feature associated with tunnel diode amplifiers is
that the predominate failure modes (open or short) are not catastrophic,.
An open circuit failure will result in the loss of gain and add approxi-
mately 1 db insertion loss to the receiver input. A short circuit failure
is slightly worse, the result being loss of amplifier gain and a 3 to 5 db

insertion loss,

Power supply requirements are quite rigorous at the diode, since
gain is derived by biasing the diode in the negative resistance region of

the diode I-V characteristic. (Figure 3-33,)

NEGATIVE
RESISTANCE
REGION

Figure 3-33, Tunnel Diode I-V Characteristic

Usually 1 0.5 per cent is required for close regulation at the
diode. Such a regulated voltage is ordinarily derived from a tempera-
ture compensated Zener diode voltage regulator. This approach is

recommended for any TDA considered for the Voyager program.

A brief summary of typical tunnel diode amplifier characteris-

tics follows:
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Frequency range 2150 to 2250 Mc
Dynamic range of RF input levels =-150 to -40 dbm

Noise figure 4.7 db

Gain 17 db

Resulting system noise figu.re”< 4,96 db

Operating temperature range -20 to +60°C

Storage temperature range -50 to +100°C

Power supply characteristics 12 Ma at15volts £ 5 per cent

Maximum ripple on power supply 0.75 volts peak-to-peak

Transistor technology has developed rapidly in the microwave
frequency area and transistor amplifier noise figures in the 2 Gc region
have been measured as low as 4.8 db. Texas Instruments is currently
marketing an experimental transistor, the TIX 3024, whose guaranteed
maximum noise figure at 1| Gc is 5 db. While this is still a long way from
2.1 Gc, the state of the art is advancing so rapidly that 2.1 Gc units with

noise figures of better than 5 db should be marketed in less than a year.

Unfortunately it is not expected that the gain of these units at 2.1 Gc
will be consistently high enough to provide a system noise figure compar-
able to the tunnel diode amplifier, Additionally, it would take several
years to obtain sufficient reliability data on these units to qualify them

for the Voyager program.

The advent of the hot carrier diode has led to re-evaluation of the
noise figure possible in mixer-IF preamplifier front ends. These diodes
are majority carrier devices which are essentially void of shot noise and
thus provide extremely low excess noise ratios. The specifications for

the HPA 2150 mixing diode provide the following parameters:

NR = 1.0 maximum

L

c 6.0 db maximum

%k

system FTDA + Frnixer -

TDA
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Assuming selection of diodes for conversion loss less than 5 db, and
assuming operation of the mixer into an IF preamplifier whose noise

figure is 2 db, the over-all noise figure is

(Fo)db = LC db + 1010g10(FIF + NR - 1)

= LC db + 10 log10 log10 (FIF +1.0 ~1)

=Lean *Fir @

5db + 2db =7 db

This is felt to be the limit of noise figure performance available on a con-
sistent basis using hot carrier diode mixer IF preamplifier combinations.
This has the technical merits of offering a 3-db noise figure advantage
over the baseline system without the é.ddition of any new circuits, i.e.,

RF preamplifiers.

From a reliability viewpoint while the hot carrier diode promises
to be a highly manufacturable device due to the epitaxial process of manu-
facture and the large junction area, little information is available about
the reliability of the device. A second drawback from a reliability view-
point is that Hewlitt Packard Associates is at present the only manufacturer
of these diodes. In addition, poor aging effects on the 2150 diode has
recently forced a change in the manufacturing process to produce a more
reliable unit, Because of the uncertainties associated with the reliability
and supply of hot carrier diodes, this approach to noise figure improve~

ment could be taken only on a high risk basis,

Of the three techniques considered, tunnel diodes amplifiers are
recommended as the best choice based on availability and performance,
However, because of the lack of life data they are not recommended for
the selected configuration. A life test reliability program should be
started so that these devices could be included at a later date. If used,
the tunnel diode amplifier could provide over-all increased receiver
reliability, decreased need for the 100-kw DSIF transmitter, and in-

creased command reception capability with the low-gain antenna,
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1.5.6 Receiver Selector

The receiver selector receives output signals and lock indication
from three receivers and on the basis of present logic selects the receiver
for each of two modes. The mode is selected in accordance with a signal

from the CS and C. In the selected configuration these modes are:
Mode I Select for maximum antenna coverage
Mode II Select for maximum antenna gain

The receivers are ordered as follows:

R1 Maximum coverage, minimum gain
R2 Intermediate coverage and gain
R3 Minimum coverage, maximum gain

Variations in modal operation or receiver characteristics will not have a

major effect on the receiver selector design or reliability.

The selector uses a priority system rather than a search procedure

for acquisition to reduce the time required to find the best selection in the
event of signal loss and to permit a better selection when reception im-
proves (in the event of reorientation of the spacecraft, for example, or a
change to a higher-power ground transmitter). The priority scheme is as
follows:

a) Mode 1 Use R1 if R1 in-lock indication is present,

Use R2 if R1 is not in-lock and R2 in-lock
signal is present.

Use R3 if R1 and R2 are not in-lock and R3
in-lock signal is present.

b) Mode II Use R3 if R3 in-lock signal is present.

Use R2 if R3 is not in-lock and R2 in-lock
signal is present,

Use R1i if R2 and R3 are not in-lock and R1
in-lock signal is present.

The control signals from the receiver selector logic are used to

route three signals. First, the control signal enables power to command

chinnel baseband amplifier in the selected receiver., Second, the control

signal is anded to commands from the CS and C to power the selected
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range code baseband amplifier, Third, the control signal enables a solid
state switch in the selected receiver which permits the VCO output to be
sent to the modulator exciters. In addition, a signal is sent to the modu~
lator exciter to turn off the local oscillator signal and switch in the VCO

reference signal.

The control signals are generated by means of integrated logic

gates, A total of 16 gates in 8 micro packages are required.

1.5.7 Command Detector

Section 1. 3, 3 discusses the relative performance characteristics of
the two-channel command system and a one-channel system, both analyzed
within the constraints of the Voyager mission, It is concluded that the
relative simplicity and proven technology of the two-channel Mariner
design outweigh the slight improvement in efficiency offered by the one-

channel system at a 1 bps data rate,

The selected receiver system described in Section 1. 1. 3c utilizes
redundant command detectors to provide the requisite reliability. On-
board automatic switching of detectors based on failure malfunction
detection is not practicable, and ground command switching cannot be
invoked through the failed unit. Therefore an addressing technique is

necessary,
Two methods of command detector addressing were considered:

spearating the VCO rest frequencies sufficiently so that subcarrier fre-
quency address could be utilized, and use of mutually orthogonal PN codes

in each of the command detectors.

Several maximal length PN sequences having maximum cross corre-
lation of about seven per cent have been examined. This amount of cross
correlation appears to be sufficiently small to enable reliable command
detector operation without false lockup of the unaddressed detector. If it
is found that false lockup can occur (most likely at high signal to noise
ratios) then this can be eliminated by separating the two VGO rest fre-
quencies by the order of 10 per cent in addition to using the orthogonal
PN codes.
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The determining constraints in choosing the clock frequencies are:

a) Lower limit-signal energy in carrier tracking loop band-
width, causing distortion of the synchronizing signal,

b) Upper limit-acquisition time,

Existing Mariner equipment uses a subcarrier around 500 cps and a PN
sync code of approximately 500 bits, which is considered to ba a reason-

able compromise value for the frequency (see Section 1. 3. 3c).

The command detector is similar to the Mariner C detector described
in JPL EPD 277 "Mariner Spacecraft Functional Description.'" The PN
generator is modified to permit selective addressing of each of two redun-
dant detectors through the use of different orthogonal PN codes for each.
The data output of the detector is inhibited unless the sync channel exhibits
an in-lock condition, Figure 3-34 is a block diagram of the detector.

Conditions imposed on the detector are as follows:

a) The S-band link is required to provide a composite
command subcarrier channel for the baseband signal.

b) The CS and C subsystem is required to accept NRZ
data at { bps whenever the command detector provides
an in-lock signal,

c) The modulation method, subcarrier frequency, and data
rate must be compatible with the DSIF command-
generating and transmitting equipment.

d) Command data bits to the CS and C will be inhibited
whenever the command detector is not in lock.

e) Both the command word information subcarrier and the
sync information signal must be contained in the com-
posite command signal.

f) At high input-signal-to=noise ratios, lock-up on the first
correlation of the transmitted and locally-generated PN
codes must be highly probable with a maximum 1.5 cps
frequency offset between the command signal and local 2fg
frequencies, At a 19.5 db/cps command signal-to-noise
spectral density ratio, the probability of lock-up at the
first opportunity with a 1,5 cps offset is approximately 1/3.
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g) Detector acquisition will occur in one of two ways, depend-
ing on the availability of telemetry data:

1) If telemetry data are available indicating the detector
2 fg frequency and the lock condition of the detector,
the transmitted 2{5 will be adjusted to a 1 cps offset
from the detector 2f; frequency and dummy command
data (all zeros) transmitted until a lock condition is
received,

2) If telemetry is not available, the transmitted 2f, fre-
quency will be swept through the range of possible
detector 2f5 frequencies at a slow enough rate to
insure detector lock-up some time during the scan.

DATA
SUBCARRIER
DATA
BANDPASS PHASE  |PATA} maTCHED | | FLIP-FLOP ——}TO s
LIMITER 2f, —={ DETECTOR FILTER AND €
REF
DATA BIT SYNC Yinmieir

LOCK
fs pHASE  |LOCK! MATCHED
N TO CS
DATA + SYNC—¢ SIGNAL DETECTOR crer [ FLIP-FLOP To <8,
L forer

(50-DEG)
SIGNAL BANDPASS PHASE LP FILTER
DEMODULATOR LIMITER 6 DETECTOR AND VCO
- S
} PN@Fs SIGNAL f, REF § 46
MOD 2
ADDER
fs REF (90-DEG) == FLIP-FLOP
N 2fs DIVIDER
IGENERATOR
PN CODE e

DATA BIT SYNC

Figure 3-34, Command Detector

The functional characteristics of the selected detector are as

follows:
° Subcarrier frequency 511 cps
° Sync code bit rate 511 bps
. Sync bandwidth approx. 1500 cps
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° Sync code length 511 bits
e Data bit rate 1 bit/sec

e Syncchannel loop bandwidth (ZBLO) 2 cps

o Data detection Phase demodulation
and matched filter
e Threshold PeP 1x107°

e Input S/N at threshold:

1) Data signal 13,7 db/cps

2) Sync signal 16.7 db/cps

3) Composite signal 18.5 db/cps
° Outputs

i) Data bit train - NRZ
2) Data bit sync
3) In-lock signal

1.5.8 VHF Preamplifier for Capsule Link Receiver

Mechanization of the VHF preamplifier is based on the capsule link
analysis (Section 1. 3.4) and the VHF configuration (Section 1. 2). This unit
receives a signal from the VHF antenna and provides two outputs, one to

each receiver,

The preamplifier provides sufficient gain with a low noise figure to
realize an over-all system noise figure < 4 db, The unit consists of a
single stage RF amplifier driving two buffer amplifiers, one for each
channel, DC power is derived from both VHF receivers through a diode
"or'" gate. Thus either receiver can power the preamp. A block diagram

of the preamplifier is shown in Figure 3-35,
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BUFFER 1
AMPLIFIER | TO VHF RECEIVER NO.

R F AMPLIFIER
—={ BAND PASS

FILTER Figure 3-35
VHF Preamplifier
Block Diagram

A:,\L:)iﬁlE:TER |—=-TO VHF RECEIVER NO. 2

POWER  f=—J¢— DC POWER
DC POWER —— SUPPLY

FROM
FILTER |-—j¢— BOTH VHF RECEIVERS

The over-all system noise figure is dependent upon preamplifier
noise figure, preamplifier gain, and receiver noise figure, An allocation
of 3,5 db preamplifier noise figure, 10 db single-channel preamplifier
gain, and a 4 db receiver noise figure has been made. All these parame-
ters are within the current state of the art. For these parameters the

over=-all VHF receiver noise figure is given by:

NFRX-—i
NF,c (db) = 10 log10 (NFPre + -G-——)
Pre
’ where
NFt(db) = over-all VHF receiver noise figure

NFpre = preamplifier noise figure = 3,5 db or 2. 24

| NFRX = receiver noise figure = 4 db or 2.5
| GP = preamplifier single-channel power gain
re
= 10 db
Thus
2,5-1
NF(t)(db)_ 101<>g10 (2.24 + o )
= 3,8 db.
Characteristics of the preamplifier are as follows:
° Single-channel gain 10 db min
° Preamplifier noise figure 3.5 db max
e Frequency 136 Mc
‘ ° Bandwidth (1 db) 50 Mc
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° Input impedance 50 ohms, nominal

° Output impedance 50 ohms, nominal

) Number of output channels 2

o Power (from VHF receivers) +20 volts, 0.1 watt max,

1.5.9 VHF Capsule Receiver

Mechanization of the VHF receiver is based on the capsule-space-
craft analysis (see Section 1, 3.4 and Section 2 of Appendix F). The VHF
receiver receives the signal from the VHF preamplifier and provides a

composite IF output signal to the capsule demodulator.

The VHF receiver is a single superheterodyne design., The choice
of frequency (136 Mc) allows the use of a single conversion receiver with
a 10 Mc IF output frequency. The selected modulation (noncoherent FSK)
permits the use of a hard limiting IF design, Thus, the receiver is de-
signed to limit on noise, and dynamic range problems need only be consid-

ered from the viewpoint of transistor stage overloading.

Of utmost importance in the receiver design is the minimizing of
local oscillator drift. The initial frequency is adjusted to £ 0, 001 per
cent, and the drift must be held to £ 0, 002 per cent to meet the system
requirements for frequency uncertainty, Techniques of temperature com-

pensation and thermal control will be established during Phase IB.

Noise figure of the receiver at this frequency range will present no
problems. The desired receiver noise figure of 4 db is within the state

of the art.

The configuration for the VHF receiver is shown in Figure 3-36,
The output signal is of constant power level due to the limiter, and will
vary only in S/N. System threshold depends upon the performance of the

capsule demodulator,
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Figure 3-36. VHF Receiver Block Diagram

The following table gives the parameters of the VHF receiver:

Frequency (set to nominal £+ 0, 001 per cent) 136 to 138 Mc

L. O, stability + 0,002 per cent
Noise figure 4 db
Maximum signal input (20 db below
saturation) -45 dbm
Input impedance 50 ohms, nominal
Minimum input level for hard limiting Noise
Output impedance 50 ohms
Output level (constant) 0 dbm
IF frequency (output frequency) 10 Mc
IF bandwidth (3 db) 44 kc

1.5.10 Capsule Demoduliator

The capsule demodulator, which processes the 10-bit/sec data
received on the VHF link, accepts the 10-Mc FSK signal from the capsule
receiver., The output of the demodulator is a 10-bit/sec (NRZ) signal

which is coupled to the data handling subsystem.

The selected scheme for demodulation is required to work at low and
negative signal-to-noise ratios. For this reason, the first step of the de-
modulation process is the separation of the mark and space channels with
narrow band filters, These will be crystal filters since the mark and

space frequency separation is 22 Kc centered about the 10 Mc IF of the
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receiver., The bandwidth of each of these filters must be 22 Kc to accom- ‘
modate the total frequency uncertainty in the data channel at the IF output

frequency.

The mark and space filters are followed with envelope detectors
connected with a summing circuit to provide positive and negative outputs
corresponding to the mark and space. The NRZ output from this summing
network is coupled to a matched filter detector and to a synchronizing cir-
cuit, The reconstructed data bits and a bit sync signal are sent to the data
handling subsystem. The synchronizing signal is required for interroga-
tion of the matched filter and the clocking out of the data bits to the data ;
handling subsystem. A primary constraint on the synchronizer is the

short acquisition time required and the multipath signal conditions,

A block diagram of the demodulator is shown in Figure 3-37. Mark
and space crystal filters with the characteristics shown are readily avail-
able. The envelope detectors and summing circuit are straightforward.
The 10 bit/sec data demodulator consists of a bit sync detector and a data
bit detector of the matched filter variety. The matched filter is an inte- .

grate and dump circuit keyed by the bit sync information,

MARK FILTER
22KC BANDPASS %’éﬁé%g
fc =10.011 MC _——1
VHF X
v | s
10MC OUTPUT »
SPACE FILTER ENVELOPE ___}
22 KC BANDPASS  f=
Poaabst DETECTOR
MATCHED
o FITLCT o = NRZ 10 BITS/SEC DATA
———— BIT SYNC
BIT
Ll SYNCHRONIZER [ N LOCK SIGNAL

Figure 3-37, Capsule Demodulator Block Diagram
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The following summarizes the parameters of the capsule

demodulator:
Input Frequency
Modulation
Mark Filter, fc
Space Filter, fC
Mark and Space Filter Bandwidths
Input Power Level
Input impedance

Output Signal Rate

Input Signals

A. Power Supply Inputs

10 Mc

FSK

10. 011 Mc

9. 989 Mc

22 kc

0 dbm

50 ohms

10 bit/sec NRZ

(asynchronous with the
data handling rates)

B. 10 Mc Noncoherent FSK Signal from

the Capsule Receiver

Output Signals

A. 10 bit/sec NRZ signal to data handling subsystem

B. 10 pulse/sec bit sync signal to data handling subsystem

C. Digital in-lock signal indicator to data handling

subsystem

1.5,.11 RF Switches

The telecommunication subsystem provides the capability of utiliz=

ing any one of the three transmitters with any one of the three antennas.

Additionally, a probe in the high-power transmitter system provides

information to the transmitter selector on the status of the operating trans-

mitter, The transmitter selector selects one of the transmitters and

provides a signal to allow that unit to utilize one of the three antenna

systems.

Two four=-port circulator switches are used to connect the selected

transmitter to the desired antenna systems,
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shown in Figure 3-38. Each circulator section of the two section switch '
can be switched independently. Switching is done by reversing the DC

magnetic field through the ferrite, which is an integral portion of the

strip transmission line inside the circulator. This magnetic field will not

exceed 7.5 yat 1 foot. Total insertion loss from transmitter input port to

either output port is 0.7 db maximum., The isolation between transmit-

ters is 20 db minimum. The maximum VSWR over the frequency range

does not exceed 1,36:1 with respect to 50 ohms impedance at all ports.

POWER
AMPLIFIER SWITCH NO. 1 ANTENNA NO. 1

@
Yy

DIPLEXER

E ANTENNA NO. 2
TO RECEIVER NO. 1

77N
Y/

|
|

POWER K7
AMPLIFIER L\
< ) DIPLEXER
Z I: ANTENNA NO. 3
! I TO RECEIVER NO. 2 \/
| \\ |
POWER
AMPLIFIER /l DIPLEXER
Ero RECEIVER NO. 3

SWITCH NO. 2

Figure 3-38, Circulator Switches Function Diagram

Two other devices have been studied for use in the same switching
function, solid-state semiconductor switches and mechanical latching
switches, The drawbacks in using semiconductor switches include high
inherent mismatch, high insertion loss of unit, high drive power neces-
sary for operation, and inability to handle high average power levels.
The advantage of using switches of this type is the fast switching time.

However, for Voyager fast switching time is not required.

Drawbacks of mechanical latching switches include high drive power .

necessary for operation, inherent ringing of the latching mechanism
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causing some FM of the carrier, long switching time between output
ports, low reliability as experienced in previous systems. Mechanical

switches have electrical characteristics comparable to the circulator

type.

1.5.12 DiElexers

The simultaneous operation of a receiver and transmitter with a
common antenna requires diplexing circuitry. Since the transmitter and
receiver opera.te‘a.t different frequencies it is possible to connect them to
a common antenna through frequency selective devices, consisting of
bandpass filters tuned to the proper frequencies, The filters provide
isolation between channels and reject spurious signals outside the pass-

bands.

The electrical characteristics of the diplexer are summarized in
Table 3-13. These characteristics will be maintained over the tempera-

ture range of -40 to +90°C.

The receiver pass-band, nominally 10 Mc centered about some
frequency between 2110 and 2120 Mc, and the transmitter pass-band,
nominally 10 Mc centered about some frequency between 2290 and 2300
Mc, have an insertion loss of 0.5 db maximum from their respective
ports to the antenna port. Amplitude ripple within these pass-bands does
not exceed 0.1 db peak to valley, The VSWR at any port does not exceed

1.36:1 with all unused ports terminated in a 50-ohm load.

Isolation between the receiver and transmitter terminals is 70 db

minimum throughout the frequency range of 1500 tc 4584 Mc,

The transmitter terminal of the diplexer exhibits a DC open circuit
from center conductor to ground to minimize the magnetic loop charac-

teristics from the TWT power amplifier,

The diplexer consists of a five-element bandpass filter in both the
receiver and transmitter arms whose feed is a common antenna termainal,
This device is employed in the Pioneer spacecraft in a similar configura-
tion and identical manner, The physical envelope is approximately
2.0x 3,5 x 6, 8 inches exclusive of connectors. The total weight of the

unit will not exceed 13 ounces,

3-117



Table 3-13, Electrical Characteristics of the Diplexer
Insertion Loss Isolation
Antenna to j Antenna to Receiver to VSWR
Frequency Receiver |Transmitter | Transmitter | WRT to 50-Ohm

(Mc) (db) (db) (db) Line

1500 70 70 70

1700

1900

2014 70 70 h
e

2060 §

2105 0.50 70 1.36:1 ﬂg
-

2110 0.50 70 1.36:1 8
d

2115 0.50 70 1.36:1 g
<

2157
H
3

2252 =
g

2287 70 0.50 1.36:1 &
o

2292 70 0.50 {.36:1 &5
o

2297 70 0.50 1.36:1 .
g

2338 4%

2550 70 70

4584 70 70 70

6876 70 70 40

1.5.13 Four-Port Coupler

A four=-port coupler is used between the exciter stages and power

amplifiers (TWT) of the transmitting system to provide the necessary iso-

lation between the two exciter inputs and the two power outputs to the

TWT power amplifiers,

This alleviates the use of a switching mechan-

ism between these devices and, further, permits power to be continually
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supplied to both of the power amplifiers regardless of which exciter is
being utilized., Any mismatch as seen by the coupler will cause a mini-
mum of disturbance to the rest of the system. The unit consists of a

four-terminal pair capacitively coupled quadrature hybrid.

QQI(.-—O-——P

As sketched above, when all the ports are terminated in their

characteristic impedance Zo' the coupled voltage, VZ’ at port 2 produced

by an applied voltage, Vi’ at port 1 is equal to

V2 - jksine

Vi, Vi - k%cos 8+jsin 8 (3. 3)
while the voltage at port 4, V4, at the end of the straight-through arm is

Ve V1 - 8

Vl Vi - k2 cos 8 + j sin @ (3.4)

The voltage, V3, at port 3 is zero for all frequencies, Here 6 is the

electrical length of the coupled-line region., The midband amplitude
coupling factor, k, is given in terms of the even and odd characteristic

impedances, Zo'3 and Zoo’

Z
oe 00

k = 7=—t7
oe (0 0]

while the characteristic impedance Zo is expressed as

Zo = Z00 Zoe

Upon imposing the restriction of equal power split at ports 2 and 4,

and 6 equal to a quarter wavelength at the center frequency of 2250 Mc,
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the power split over the entire range of 2000 to 2500 Mc is obtained,
Since this is normally an octave device the power split in ports 2 and 4

will be -3 1 0,25 db over the frequency range given above.

The isolation of port 3 from port 1, or port 2 from port 4 is 28 db
minimum, and the maximum VSWR for all ports with respect to 50 ohm

resistive impedance is 1,15:1,

The coupler occupies less than 3'" x 3" x 1" and weighs 11 ounces

maximum,
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2, DATA HANDLING SUBSYSTEM

2.1 Introduction

The Voyager spacecraft data handling subsystem is required to
perform the following functions:

a) Sample and encode spacecraft engineering and science
data into a time-multiplexed PCM signal,

b) Record high rate science data and enable playback under
control of the data automation equipment (DAE).

c) Accept capsule telemetry data in a serial bit stream
from either the capsule-spacecraft umbilical or the
capsule telemetry receivers.

d) Mix (or interleave) formatted capsule data, scientific
data (video, scan, and low rate) and engineering data
into a serial PCM bit stream. Both real-time and
stored data may be interleaved,

The output of the data handling subsystem is composed of two
linearily mixed subcarriers, one modulated with the time multiplexed

PCM data as described above and the second modulated with a PN code.

Transmission rate tradeoffs as a function of communication
system design and measurement requirements have resulted in a
maximum transmission bit rate of 4096 bits/sec. * Based upon the
measurements required, a range of bit rate requirements is presented
in Table 3-14. As can be seen, the sum of the maximum bit rate in
each data category exceeds the maximum transmission rate capability.
, it is not necessary to provide all peak rates simultaneously.
For example, a low duty cycle sampling rate is used for engineering
data during the video transmission. Also until the spacecraft orbits

Mars video transmission is not employed.

%
The transmission bit rates selected are 4096, 2048, 1024, and 128
bits per second. See Section III, Paragraph 1.1, 5,
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Table 3-14. Summary of Data Rate Requirement

Bit Rate , Average Bit Rate
Data Form (bits/sec) | __Duty Cycle (bits/sec)
. Continuous 350-1200
Engineering 350-1200 . Low Duty
. ! i Cycle Basis 50
Science (Scan ! . 260 Scan
or Mapping) -- : per hour 195
Science !
(Ambient, Flare: 40-140 Continuous ! 40-140
and Calibration):
‘ T
Science : 12 picture ;
(Video) ‘, 163, 000 pairs per 14. 4] 2920
hour orbit !
; =
Synchronization | 1
and Identifica- ‘ -- ; -- 100-400
tion " : ?

Total (max) 4855 bits/sec
(min) 1995 bits/sec

Based upon transmission rate limitations, it is desirable to
provide flexibility for different operating modes and formats as a
function of mission profile and thereby achieve an efficient match of data
transmission. For example, some of the data (e.g., video) is best
processed in a data block form both from the standpoint of vehicle and
ground data processing, Additionally, it is pertinent to consider longer
transmission distances and failure modes in the RF link which would
limit the transmission rate to lower values such as 128 bit/sec.
Consequently, design considerations and tradeoffs are required to
achieve a system organization which is adaptive to changing mission
requirements as well as possible failure modes. An additional factor
favoring a degree of flexibility is the long mission duration (approxi-

mately one year).
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Other constraints which lead to design tradeoffs relate to the
interfaces of the telemetry subsystem. For example, compatibility is
necessary with the spacecraft DAE, CS and C, power supply, receiver

demodulators and transmitter.

Since the data handling subsystem is required to interleave
different data streams, it is therefore necessary to exchange synchro-
nization between the DAE and the data handling subsystem. Special
interface considerations are necessary during special activity conditions

such as a solar flare.

A ground rule for the design of the data handling subsystem is that
implementation be based upon the present state of the art (1966). Based
upon over-all spacecraft system considerations, a reasonable allot-
ment for data handling weight and power appears to be approximately
45 pounds and 30 watts, respectively. As will be shown, these bounds
do not present difficult design constraints. Therefore, prime considera-
tion during this study is oriented toward system organization, implemen-

tation and maximization of reliability.

Other considerations concern such factors as the design of the
format and synchronization such that a ground data processor can
reliably detect, synchronize and process received data regardless of
the format or mode in use. For example, these considerations lead to
use of standard frame and word sizes, as well as common synchroniza-

tion coding.
Redundancy has been investigated in terms of:

° Basic need
° Level of application

° Compatibility with interfaces

The design approach during the study has been oriented to the use
of black box functional redundancy as well as backup modes which

provide a measure of redundancy.
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2.2 Design Considerations and Approaches

2.2.1 General

Figure 3-39 is a simplified block diagram of the data handling
subsystem which illustrates the basic functions and general interfaces
required, The signal conditioner, PCM encoder, bulk storage, and low
capacity buffer store provide a functional capability for the requirements
as discussed in Section 2,1, (This figure does not show equipment
redundancies which are included to improve reliability. The system is

shown in the form of Figure 3-39 to clarify the functional description. )

The signal conditioner provides linearization and voltage

normalization for various sensors such as temperature transducers,
The PCM encoder functions to:

a) Sample and encode approximately 380 engineering analog
and digital inputs into a time multiplexed output signal.

b) Interleave combinations of the capsule, low rate science,
high rate science, and engineering data into a serial
PCM output,

c) Provide a PCM modulated data subcarrier and PN
modulated sync subcarrier to the transmitter.

The bulk storage operates to store up to twelve picture pairs per
orbit, as well as high rate science, the actual number of pictures
depending upon the specific orbit. Command control via the CS and C
selects the program for this piéture processing according to the
following possibilities:

Readout Time (at

Orbit Video Storage 4096 bits/sec)
Nominal (14. 4 hr) 6 pictures pairs/orbit 1/2 orbit
Nominal (14. 4 hr) 12 pictures pairs/orbit 1 orbit

Non-nominal (>14, 4 hr) Store to complete '"Fill'"' Depend upon orbit
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Figure 3-39. Simplified Block Diagram of Base
Line Data Handling Subsystem

The buffer storage (z105 bits) is used in three ways: 1) to store
capsule data as a backup to real time transmission during capsule entry,
2) as a speed reduction device to read out of the bulk storage at
128 bits/sec, and 3) to store low rate science data during each video

picture readout time.

A tape recorder has been selected for bulk storage. Although
there are various other bulk storage mediums available, they are either

experimental or in early stages of development (see Section 2, 2, 7).

2.2.2 Data Storage

The largest component of data rate requirement {(=2920 bits/sec)
stems from the high rate science data. This consists of video and scan
data read out from sensors at bit rates which preclude real-time trans-
mission. Consequently, a store of some type is necessary for speed
transformation. Based on resolution and other factors (as described
in Section II-1), it is desirable to provide storage for 24 pictures
(6.3 x 106 bits per picture or a total of 1.5 x 108 bits) plus other high
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rate scan data which results in a total storage requirement of approxi-

mately 2 x lO8 bits. For the resolution indicated, video data is read
into the storage unit at a rate of 163, 800 bits/sec. The principal
consideration in the choice of bulk storage is reliability., Power, weight,
and speed control with regard to interfacing with synchronous formats

are important parameters.,

Based on the above write-in rate, a significant technical problem
for this data storage is the high write-read ratio (greater than 1280:1)
required at the lowest rate of 128 bits/sec. At the present state of the
art, tape recorders cannot practically achieve this ratio. On the other
hand, tape recorders provide one of the most reliable approaches to
bulk storage and are proven in spacecraft environments. It is possible
to employ a tape recorder, and circumvent the ratio limitation by the
use of a small magnetic core storage, which acts as a temporary buffer
before final readout when using the lower bit rate. Present day tape
recorder write-read ratios are approximately 100:1 and investigation

indicates a 2:1 improvement by 1966. Therefore it is reasonable to

assume that tape readout directly into telemetry can be used down to
1024 bits/sec. In this way, the core buffer need only be used during
adverse conditions or failure modes, i.e., at 128 bits/sec. The buffer
is implemented using square loop 20-mil magnetic cores in the form

of a matrix. This type of memory, for moderate size, has all the well
known advantages of a static storage. Many magnetic storage units of

this type have operated in space for periods over two years.

At the present state of the art, 108 bits storage (6 picture pairs)
can be satisfied with one tape recorder. In order to provide redundancy,
two units are provided. These two recorders can also be used in
series to obtain twice the number of pictures per orbit. While three to
four tape recorders could be used, sufficient reliability is obtained by

use of two.

The use of the magnetic core buffer to achieve the step-down in

speed ratio does require some consideration. Basically, a ''two beat"
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cycle is involved. That is, the tape storage output is written into core

storage until it is filled and then the tape recorder is stopped for the

period required to read out the core buffer. This cycle can repeat

continuously for this mode. A loss of some tape recorder data is

incurred during start and stop cycles. The scope of this loss is a

function of the transient start and stop time intervals relative to the

magnetic core buffer size., Based on this factor as well as weight, size

and complexity for this type of memory, a magnetic core buffer capacity

of approximately 115, 000 bits is chosen. The loss, with this size

memory, represents 1 part in 160, However, the 128 bits/sec rate is

a backup mode and normally this special step-down technique is not

required. One approach to eliminate this small loss involves program-

ming the stored data on the tape (with appropriate start-stop synchro-

nization). Block storage on the tape recorder is required whose

capacity is less than or equal that of the core memory. However, the

extra complexity in programming and logic is not believed to be

warranted for the gain achieved.

There are several approaches which have been evaluated in

regard to the transmission mode for video:

a)

o
-

c)

The video may be regularly interlaced (within the interval
of one picture) with RT scientific and engineering data.
However, it is preferable to read out one complete picture
without any interruption. In case of synchronization
problems or other failure modes, the regular interlaced
case could result in confused or lost picture data.

A mode having video and scan data exclusively could be
used. However, there would be excessively long periods
during which low rate scientific and engineering data
would be absent. Sensing of scientific environment and
consolidation with spacecraft performance is considered
necessary and therefore this approach is rejected.

A mode which interlaces one continuous picture (7 x 106
bits) and scan data with sequential frames of low rate
science accumulated in a buffer storage followed by
frames of engineering is considered the most reliable
approach. This provides a low but sufficient sampling
rate for the engineering and scientific data.
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Synchronization of the tape recorder output data with the interlaced
low rate scientific and engineering data (and PN synchronous) involves
several design considerations. A basic need is that the tape recorder
output be phase synchronous with the real time clock for the PCM
encoder. This will insure that the ground bit synchronizer and signal
conditione1: will maintain lock and is achieved by providing word rate
clock to the tape recorder. Advantages of using word rate (rather than
bit rate) is that the absolute rate is more compatible with the tape
recorder speed control loop and additionally the tape recorder output
is forced to be phase synchronous with the PN sync. Also, the bit rate

clock at 163 kc is more difficult to record on a single track.

2.2.3 Mission Profile

The design of the data handling subsystem is based on providing
formats and modes of operation which adapt to the various portions of
the mission. The flexibility for format, mode, and bit rate changes
are required to permit efficient use of the available sampling rates
under both normal and degraded conditions. Table 3-15 shows the data
formats as a function of the mission profile. Since the capsule format
requires such a low bit rate (i.e., = 10 bits/sec), it is included within
the engineering format., Additionally, the scientific ambient, flare
and calibration data are mutually exclusive. Six different formats are
provided for the transmission of data. These are:

Format A - High Rate Scientific
Format B1 - Low Rate Scientific (Ambient)

Format B2 - Low Rate Scientific (Flare)

Format B3 Science Calibration Data

Format C

Engineering

Format D

Capsule
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All possible permutations (modes) of the formats are not necessary
because very small gain in information transmission is achieved.

Table 3-16 shows the seven possible modes which result as a function
of the following:

é) The calibration mode is for a short time and need only
be correlated with science engineering data.

.b) Video and other high rate science data will also be
accompanied by a small fraction of engineering and
low rate scientific data to provide correlation and
general status information.

c) The seventh mode is added to provide a slow readout
video when the transmission bit rate is 128 bits/sec.
Although the sequence of this mode is identical to that
of Mode 4, the absolute amount of picture or scan data
in each sequence ig only 256 data frames (=115, 000 bits
rather than 7 x 10° bits).

Table 3-16, Data Modes

: ¢ Science ' Video Calibration
Data Mode! Capsule [Engineering/{(Low Rate) and Scan Science
I X X ;
(RT) . (RT) | )
mo x| |
’ ; (RT) !
1
111 X X X
(RT) (RT) (RT)
v X | X X X
5 (RT)| _ (RT) (B) (S)
v ? ! X
: : i (RT)
VI X ?
(B) ; i i
. r N :
VII X = X | X CX
(Failure | (RT) ! (RT) (RT); (S and B)
Mode) | | ‘
RT = Real-time data
S = Stored data in bulk storage (2 x 108 bit gape recorder)
B = Stored data in buffer storage (1. 15 x 10” bit core

storage)
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The operational modes just described are summarized below in
‘ relation to the formats:

a) Data Mode I 97 per cent engineering and 3 per
cent capsule data. Transmission of
Format C, including 2 words of
Format D in each frame.

b) Data Mode II 100 per cent real time scientific
data. Transmission of either
Format B1 or B2 as selected by DAE,

c) Data Mode III 1/5 engineering (1 frame) and 4/5
science format (4 frames). B. or
B2 with C. As selected by DA!E‘..

d) Data Mode IV 98 per cent bulk storage playback,
2 per cent real time engineering and
buffer stored scientific. Trans-
mission of Formats A, B, and C in
sequence.

e) Data Mode V 100 per cent transmission of science
payload calibration data, Format B3.

f) Data Mode VI 100 per cent transmission of play-
. back of buffer stored capsule data,
256 frames, Format D.

g) Data Mode VII Playback of bulk stored data through
the buffer. 256 frames of high rate
science data from the DAE followed
by 5 frames of real time engineering
data. Transmission of Formats A,
B and C in sequence.

2.2.4 Data Formats

a. Basic Format Sizing

Six different formats are used for processing various types

of data inputs. Usual considerations in the design of a single format

include such factors as frame synchronization (if used), frame, and
word sizes, etc. Additionally, for Voyager, it is desirable to provide
commonality of format design among all formats, since they will be used

in different combinations to provide seven data transmission modes.
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The reason for this is not only to simplify ground data processing, but
is to provide the means for synchronously meshing these formats, not

only in bit synchronism but also phase locked in frame groups. These

formats are shown in relation to the data modes in Figure 3-40.

Since the frame size is related to a multiple number of words,

it is practical to consider word size prior to the choice of frame size.

The following is the approximate accuracy (in bits) required

from various data sources:

1) Science 7 to 8 bits
2) Video 6 bits
3) Engineering 6 to 7 bits

A 7-bit word size appears compatible with nominal accuracy
requirements and additionally is compatible with the approach for
using a 63-bit PN code (9 times the bit rate) to derive word synchro-
nization. Choice of frame size is primarily based on efficiency, that is,
it should be reasonable long so that fixed words such as group synchro-
nization and format (or mode) identification result in a low percentage
of total bit rate capacity. Based on allowing 10 per cent for these
items, and simplicity of implementation, a 64-word frame is chosen

for all formats (448 bits).

Within this main frame structure, certain words are used for

synchronization and identification, namely:

a) three words for frame synchronization
b) one word for format and bit rate identification

c) one word for subcommutator identification
(engineering)

d) f{four words for subcommutator channels (engineering)

e) 7 to 12 bits for video and scan identification (high
rate science only)
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Figure 3-40. Data Gathering Modes

The choice of frame synchronization code is primarily based
on the ability for the ground data processor to optimally detect and
recognize the code. Based on the analysis performed in Section 5 of
Appendix F, the code pattern chosen is 21 bits in length consisting of

a 7-bit Barker code followed by two complement Barker codes.

b. High Rate Science Data

This category of science data consists of the following outputs:

1) Video (photographic)
2) Scan

The video requires 80 to 90 per cent of the data capability

during the orbital phase. All of these inputs must use pretransmission
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buffering to match the real time transmission rate.

Consequently, it

is logical to time share one output from the DAE which is applied to the

tape recorder.

The magnitude of the bulk storage is primarily a function of

the picture resolution.

ments versus resolution,

Table 3-17 shows a tradeoff of storage require-

Based on the objective of providing Ranger

resolution, and since the corresponding storage capacity is feasible,

this resolution was selected.

Table 3-17.

Video Resolution versus Storage Requirement

Resolution Resolution
Similar Intermediate Similar
to Ranger Resolution to Mariner C
Raster Bits/Picture 1020 x 1024 x 6| 500 x 500 x 6 200 x 200 x 6
. ' 6 6 5
Total Bits/Raster 6.3 x 10 1.5 x 10 2.4x 10
. . 5 4 3
Write-In (bits/sec) 1.64 x 10 3.5x 10 5.5x 10
Readout (bits/sec) 4096/2048/1024 4096/2048/1024] 4096/2048/1024
!
Write-In/Readout Ratio |40/80/160 8.8/17.5/35 1.4/2.7/5.5
!
8, . 'f 7 7
Total Store 1 x 10" bits 12.5x 10 2.5x 10
Recording Tracks 9 ‘ 3 ' 3
|
Picture Pairs 6 , 6 36
Density 1000 bits/in. | 2000 . 2000
Viewing Resolution 1 km 2 km i 5 km

S
Includes clock track and data gap track.
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Six-bit quantization of the intensity level of each point provides
an intensity resolution equal or in excess of the capability of the human
eye to distinguish, While this does not match the 7-bit word size of
the engineering data, the tape recorder capacity and transmission
requirements are reduced by 14 per cent. The main consideration in
terms of commonality between formats is to provide a standard frame

size and an integral number of words per frame.

The number of 6-bit video words that can be formatted within
the 448-bit frame selected (as the standard vehicle main frame) is now
considered. Within each frame, a number of bits are allocated to
identify the location within the raster. In addition, frame synchroniza-

tion, format and bit rate identification are required. Consideration of

these items shows that 408 of the 448 total bits (68 elements) can be
accommodated for video within each frame. Fifteen of these frames
then provide 1020-element resolution for a video line. This is in excess
of 1.4 times the resolution of existing vidicons and therefore does not
become a limiting factor in the quality of the transmitted picture.
Vertical resolution is satisfied by 1024 lines per picture. This informa-
tion, and how it affects the total bit transmission, is summarized in
Table 3-18. One frame of engineering data within the DAE has been
added to allow inclusion of elapsed time, pointing, temperature and
voltage measurements to permit correlation with the TV picture. The
sync and identification bit total of 40 was arrived at by summing the 21
bits for frame sync, 7 bits for format and bit rate identification and

12 quired to locate a frame within the video raster to within one

quarter of a video line,

The scan data was then considered for the period of time of
one video picture. To compare these on a practical basis, the scans
have been formatted similarly and the resultant data appears in the
previously mentioned Table 3-18. The sum of the scan data is almost
one-fifth as large as the video raster. To store this quantity (1.2 x 10

bits) in a core memory storage or on a separate tape recorder would
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Table 3-18. High Rate Science Data Formatting

[Frames Accum- Bits(lob) Accum-
No. Scans Over Data Bits Sync and Frames mulated Over a |mulated Over a
a Period of One per Identification per [Period of One Period of One
Experiment Picture Readout | Measurement | Bits/Frame Measurement [Picture Readout }Picture Readout
1. Television 1 6.3 x 106 40 15, 361 15, 361 6.87
Camera
i
2. Scan 10 - TV Area 3.3x 10> 36 8 1, 360 0.61
Radiometer 150 - Others
3. IR Reflection 4 - TV Area 2.4 x 103 35 6 114 0.05
Spectrometer 15 - Others
4. UV Spectrometer 5 - TV Area 2.5x 103 35 6 496 0.22
75 - Others
5. Meteoroid Flash -- 70 bits/sec 36 365 0.16
6. Other Instruments -- 70 bits/sec 36 365 0. 16
Total 18,061 8,07

be considerably less efficient than to store this data immediately
following the video raster on the tape storage unit. Therefore, the

scan data is made a part of the high rate data format.

Consequently, the high rate science data format is composed
of a sequence of frames equal in length to the engineering data frame.
The over-all sequence of frames consists of one video picture followed
by many scans of radiometer, infrared, and ultraviolet data plus other
high rate data such as meteor flash. The data is digitally encoded and
formatted within the DAE of the science payload and provided on a
single output line. The format will contain elapsed time data, data
location identification and any engineering measurements relative to the
science measurements (e.g., the pointing angles of a camera at the

time a video picture is taken).

Cc. Low Rate Science Data

This section discusses three categories of low rate science
data. These three categories, the ambient, flare and calibration, are

transmitted through one interface line to the data handling subsystem.
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Ambient. The ambient low rate science data is composed of

science measurements from several particle and field experiments,

such as particle counters, magnetometers, and meteor impact measure-

ments. A summary of a hypothetical group of such experiments is

shown in Table 3-19. The low rate science data measurements can be

format arranged, as long as standard frame size and synchronization

are included.

Table 3-19. Low Rate Science Data Formatting

Data Bits During
Average Readout of Complete Frames

Number Bit Rate High Science Format (at 4096
Experiment Sensors (bits/sec) (at 4096 bits/sec) bits/sec)
1. Meteoroid Impact 4 1.0 2,070
2. Magnetometer 1 5.0 10, 350
3. Plasma Probe 2 2.0 4, 140
4. Cosmic Ray 4 0.16 330
5. Trapped Radiation 3 3.5 7,245
6. Ionosphere 1 0.25 520
Engineering 4 measurements
Measurements 35 per raster ‘ -~ 980
Synchronization and
Identification at 10
per cent Z, 565
Total 28,200 63

Summarizing, the low rate science data is digitally encoded

and formatted within the DAE into a sequence of frames equal in length

to the engineering data frame.

Each data frame will contain synchro-
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nization signals and data format identification. Any necessary channel
location identification will be contained within the data, in addition to
elapsed time and any engineering measurements within the science

payload.

Solar Flare. The DAE will sense the presence of a solar
flare and control the operation of the data handling subsystem during
its occurrence, taking precedence over any other data format. The
solar flare format is supplied on the low rate science data interface
line. The DAE will provide any necessary integration or data sampling

required to reduce its content to the current telemetry bit rate.

Calibration. The DAE will provide a format for calibrating
science experiments at programmed intervals, or on command. This
mode will provide calibration signals matched to the experiments.

The resulting output signals will be formatted into standard frames with

synchronization, identification, and elapsed time signals.

Engineering. The engineering data is composed of space-

craft and subsystem performance measurement (including command
verification). A representative set of measurement requirements are
listed in Section 7, Appendix F. The capsule data format is also
interleaved within this format. To handle the 330 analog, binary, and
discrete channels required within the basic 64 word standard format,
subcommutation is used. Table 3, Section 7, Appendix F summarizes
sampling rate requirements. Two sampling rates (main frame and
subframe) satisfy all requirements. The resultant format is shown in
Figure 3-41. Using four subcommutators, a growth factor of 16 per
cent remains on a per channel basis. However, since only 43 channels
of the main frame have been assigned, a sampling rate growth factor
of 39 per cent remains, This is considered a reasonable factor
recognizing the historical growth patterns of measurement requirements

of previous flight programs. The channel allocations have included
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provisions for synchronization signals, data format and bit rate identi-
fication, subcommutator location, identification, and an elapsed time

indication,

Capsule Data. Capsule data is formatted in the standard

spacecraft frame size of 448 bits, Fixed words provide frame synchro-
nization, format identification, and other identification, as required.
The capsule data is hardwired to the PCM encoders prior to separation
and forms a portion of the engineering data format. After separation,
the capsule data is available to the PCM encoders as dual outputs of

the demodulators. With the capsule data supplied at 10 bits/sec,
approximately 3 per cent of the engineering data format is required

for this data, using dual channels for redundancy. The capsule data is
he PCM encoder to permit bit phase synchronization.

In addition, three hours of capsule data can be stored in the buffer

storage for playback upon command.

2.2.,5 Transmission Modes

a. General

The operating modes for data transmission were briefly

outlined in Section 2. 2.3 as they pertain to the mission profile., Now
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that the formats have been described in some detail, this section will
examine the seven data modes in more detail. Figure 3-42 shows the
different transmission modes and Figure 3-40 illustrates the format
content of the seven data modes. The following paragraphs describe

these modes:

b. Engineering Data (Mode I)

During the launch and maneuvering phases, maximum
interest is directed toward acquiring spacecraft and subsystem per-
formance data as well as command verification. Minimal interest is
expected in science data during these times and most of the available
sampling rate is required for engineering data. Therefore, an opera-
tional mode has been provided which gathers only the engineering data

format (which also includes capsule data).

DATA
QUTPUT

REAL TIME BULK STORE BUFFER

©
@ @ ®

ENGINEERING

! SCIENCE AND SCIENCE

LOW RATE HIGH RATE SCIENCE CAPSULE
ENGINEERING ~ DATA -ONE VIDEO RASTER VIDEO
AND CAPSULE @ “SCAN 256 FRAMES
(1.8 X 10* MAIN
FRAMES)
SCIEICE ENGINEERING

CALIBRATE 5 FRAMES

REAL TIME

64 FRAMES
ENGINEERING
REAL TIME SCIENCE

11 FRAMES
REAL TIME

256 FRAMES
SCIENCE
(BUFFER)

Figure 3-42. Transmission Mode Tree
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c. Low Rate Science Data (Mode II)

During the long interplanetary cruise phase, there may be
periods when maximum interest will be in science data (e.g., solar
flares). Consequently, this mode provides an exclusive transmission

of science data.

d. Low Rate Science and Engineering Data (Mode III)

During the major portion of the cruise phase, it is desirable
to provide a large capability for the gathering of science data, while
still monitoring the engineering data. During this phase the minimum
engineering sampling requirement (300 bi.s/sec) is considered
adequate. Therefore, a science-engineering data mix corresponding

to four frames of science for each frame of engineering is selected.

e. High Rate Science Data (Mode IV)

During orbital operations, the transmission of video data
becomes the major mode of the data handling subsystem. To provide
a complete cross section of data, the video is interlaced with science
and engineering data. Design considerations are oriented to provide

the following features, that
1) Video be recorded and read out for transmission
as a block of frames (equivalent to one picture)

without interruption,

2) Scan data follows video (synchronously).

w
~—

Method of recording is continuous (no start-stop)
during this mode.

To interleave the low rate science accumulated in the buffer
with the high rate science output of the recorder, the DAE programs a
''no'' data gap on a separate track so that these two separately derived
data can be synchronously interleaved. Figure 3-43 illustrates chis

case.
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Figure 3-43. High Rate Science Data Mix Timing

Based on the objective of maximum video and science trans-

mission, the engineering sampling rate is chosen to be approximately

2 per cent of the total link capacity. If engineering data is required at
a higher rate (because of some anomalies), an exclusive engineering

format can be commanded.

f. Calibration Science Data (Mode V)

A data calibrate mode is an exclusive mode within the low

rate science output.

g. Capsule Data (Mode VI)

Capsule entry, descent, and landing is a critical period for
data retrieval. Consequently, to provide backup to the real-time relay
link transmission, the capsule data will be stored within the buffer
storage. Approximately three hours of 100 per cent capsule data
storage is provided. Playback, upon command, will require approxi-

mately 1/2 minute at the 4096 bit rate.

h. High Rate Science (Low Bit Rate Transmission) (Mode VII)

As previously discussed, the tape recorder write-read ratio

is too high at 128 bits/sec to permit direct readout. Instead, a magnetic
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core buffer is used as an auxilliary speed step-down device. Sizing the
buffer at 256 frames, or approximately 1,15 x 105 bits, permits the
readout of 17 video lines at one time. Reading data into the buffer from
the tape at 2048 bits/sec requires 56 seconds. During these 56 seconds,
11 low rate science data frames and 5 engineering data frames can be
transmitted. It then requires 896 seconds to read the data out of the
core buffer. The time period required for the transmission of a
complete high rate science data format, allowing time for loading the
buffer and starting and stopping the tape recorder, is approximately

68, 000 seconds. This permits the transmission of a video picture each
1-1/3 nominal orbits. A small amount of high rate science data,
approximately equal to one and one-half frames, will be lost during each
stop and start of the tape recorder. However, this 1/10 of a raster line
will be barely distinguishable to the eye in the video data, and a very

minor item in the highly redundant scan data.

2.2.6 Interfaces

The data handling interfaces and corresponding signal/control

exchanges are as follows:

Data Handling (DH)/DAE

Lines To
2 Scientific data DH
1 Bit rate ‘ DAE
2 Bit rate status DAE
3 Mode siatus DAE
1 Frame rate DAE
1 Word rate DAE
1 Tape '"'no'' data gap DH
1 Flare format status ~ DH
1 Word rate for tape recorder DH
1 Start signal for tape recorder DH
1 Stop signal for tape recorder DH
1 End of tape signal DAE

3-143



The first item provides the science data for telemetry, the

remainder are synchronization and controls,

Data Handling/CS and C

1 Bit rate signal DH
2 Bit rate status DH
3 Mode control status DH
2 Redundancy control (PCM
encoder and tape recorder) DH
1 Elapse time 21 bits/each DH
2 Command memory 21 bits/each DH
2 Word gates CS and C
1 Bulk storage on/off DH
1 Store capsule data DH
Data Handling/Power
1 50 volts, 4800 cps single phase
square wave DH
Data Handling/Transmitter
Lines To
1 Output (data subcarrier mixed
with sync subcarrier) Transmitter
Data Handling/Engr. Measurements
230 Analog
82 Discretes
2 Capsule data
Binary data
Data Handling/Receiver Demodulator
2 Capsule data (hardwired or
receiver demodulator) DH
2 Bit rate line DH
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Data Handling/Test Connector

Modulation output
Data serial output

Word synchronization

e i N

Frame synchronization

2.2.7 Bulk Storage Tradeoff

a. General

Storage of video data requires an order of magnitude more
capacity in the bulk data store than the storage capacity required by
other instruments. The design of the bulk data storage unit could be
simplified by the use of visual sensors capable of long term image
retention with slow speed readout. Such devices include the photo-
graphic film camera, the vidicon TV camera, and the dielectric tape

camera.

b. Photographic Film Camera

Although satisfying the storage requirements, it is unlikely
that photographic film cameras will be used for early Voyager orbiting
missions because of excessive weight, power consumption and film

fogging problems due to radiation.

c. Large Area Storage Vidicon

Photoconductive target surfaces employing a dielectric
storage layer are capable of storing the charge pattern formed by visual
imaging for several days with no detectable deterioration of the image
quality. The use of such a camera, having an effective area several
times that of the conventional l-inch vidicon (format size 11.2 mm
square), offers an attractive means of storing large quantities of video

data for one or more orbital periods.

Assuming a conservative value for the limiting resolution of
30 line pairs (60 TV lines) per mm, and 6-bit grey scale quantization,
the equivalent data storage per square centimeter of picture area is
~2 X 106 bits.
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An active format area of 7 x 7 cm (2. 75 x 2.75 inches),
would give a total storage capability of 1, 37 x 108 bits, using a 4-1/2
inch vidicon recently developed for high resolution close circuit
television. Further development of such a camera for space applica-
tions, together with a suitable optical system for multiple imaging or
large area coverage offers a possible long term solution to the video

data storage problem, particularly in multiple camera installations.

d. Dielectric Film Camera

In the dielectric film or tape camera image retention is
achieved, as in the storage vidicon, through the use of a photoconductive
layer on a dielectric film. A panoramic strip camera using 100 feet

of 35 mm dielectric film is being qualified for use in NASA spacecraft.

_ With a resolution of 30 line pairs/mm (18 line pairs/mm at
50 per cent response) and assuming 6-bit grey scale quantization, the

equivalent bit storage capacity is 1010 bits.

Recent developments in electron optics and tape manufactur-
. c o oes . 11 ..
ing techniques may result in this figure being increased to > 10"~ bits.
The parameters of these devices are summarized in

Table 3-20.

Table 3-20. Dielectric Video Storage Devices

Minimum Resolution Equivalent
(Optical line Bit

Device pairs/mm) Storage
4-1/2 inch storage 30 1.27 x 108
vidicon
35 mm dielectric tape 30 1 x 1010
camera (100 ft of tape)
Advanced 70 mm dielectric 70 1.83 x 10'}

tape camera (100 ft of tape)
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e, Conclusion

While these advanced techniques of imaging and data storage
offer a significant improvement and simplification in video data storage,
it is assumed that the most conservative approach in the design of the
video experiment will employ a vidicon camera and magnetic-tape

recorder,

2.2.8 Redundancy Concept

Redundancy has been considered on two levels. Within each unit,
redundancy has been considered for key serial elements which have
high part counts. Additionally, redundancy has been supplied for each
of the two units which are in series with the major portion of the data

flow (see Volume 4).

Redundancy will be supplied within the PCM encoder for the
buffering of capsule data. In addition, a redundant PCM encoder will
be supplied. Selection of the PCM encoder will be accomplished by

switching input power,

Two tape recorders have been selected to provide unit redundancy.
The addition of a second recorder also added flexibility to the high rate
science data mix mode, permitting the recording of 6 through 12 picture
pairs in a single time sequence and providing sufficient storage for the

nominal orbit at the maximum bit rate.

The two capsule data trains are fed into separate buffers within
the PCM encoder. This data is fed out on main commutator channels
so that the loss of one channel or buffer will not prevent transmission

of capsule data.

During the design and development phase, the internal redundancy
decisions will be re-examined based upon actﬁal implementation
techniques and complexities. For example, it may be found desirable
to provide redundancies in major elements in series with all data, such
as the data and PN modulator and mixer, or in major series elements

for engineering data, ‘such as the analog-to-digital converter,
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2,2,9 Selected Design

Figure 3-44 is a simplified block diagram of the selected data
handling subsystem. This subsystem consists of two engineering
telemetry units, two bulk storage tape recorders, a buffer core memory,
and a signal conditioner. Redundant units have not been provided for
the buffer core memory and the signal conditioner since these units
are not in line to the flow of the major portions of the data in normal
operating modes. Although the buffer is used to store low rate science
data during video and scan transmission, in the event of buffer failure,
low rate data can be transmitted directly out of the DAE in smaller

samples.,

The redundant PCM encoder is used upon receipt of a ground

command for switching,

This subsystem operates in seven separate data gathering modes
each of which is a unique combination of the six data formats to be
transmitted. The combinations of formats and operating modes were
shown in Figure 3-40. In addition, there are pretransmission storage

phases involved in three of the data modes described.

Upon command from the CS and C, the PCM encoder selects the
various data formats and interlaces them as required. The composite
signal modulates a square wave subcarrier, and the data modulated
subcarrier is linearly added to a PN code modulated subcarrier. The
subcarrier mix is supplied to the communications subsystem for trans-

mission to earth,

The operational characteristics peculiar to a specific data format

or data mode were described in Sections 2. 2,4 and 2. 2.5,
In summary, the operation of the subsystem is as follows:

a) All analog engineering data will be time shared and
converted from analog voltages to 7-bit binary data words.
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a. Requirements

The design concept of the PCM encoder is primarily based on:

Sampling and encoding approximately 230 analog and
82 discrete engineering measurements and capsule

data into a PCM time multiplexed output.
is a summary of the measurement requirements

listed in Section 7 of Appendix F.

Table 3-21

Programming of the science and engineering data
mix for transmission to earth both from real-time
and storage sources.

Providing control signals for synchronization of

data flow.

Modulating the serial data wave train on a data

subcarrier and linearly mixing it with the PN coded
synchronization subcarrier.

Table 3-21. Summary of Engineering Data Inputs
and the Preferred Sampling Rate
Supercom- |[Supercom- in Com-|Subcom-
munication |munication [munication |munication,i
gNo. 1, 73.2 |No. 2, 36 9,1 sam- 8.5 sam- |
'samples/sec |samples/sec iples/sec ples/min Total
Engineering } i
Analog -- 1 12 217 t 230
|
Engineering ; \
Discretes ; 4 -- 26 ; 52 | 82
i { 1
. i !
Capsule Data i :
(Channel alloca-!
tion) ‘ 2 i 2
! :
Binary Data f 3, 3
(elapse time CS (21 bits/
and C memory) | each)

- ‘
Sampling rate based on bit rate of 4096 bits/sec
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b)

c)

d)

f)

g)

h)

All digital engineering data and capsule data will be
time shared with the analog engineering data.

During the launch phase, initial acquisition and maneuvers,
only engineering data will be transmitted.

During the cruise, blocks of science data 1792 bits long
are alternated with blocks of engineering data 448 bits
for real time transmission.

During a solar flare encounter, or at any other desired
time during cruise, only scientific data will be trans-
mitted. The above mix of science and engineering data
may be transmitted during the latter portion of a solar
flare.

During capsule entry, capsule data will be transmitted
in real time and simultaneously stored in the buffer and
held for command read-out,

During planetary encounters, a large portion of the high
rate science data will be stored in the on-board magnetic
tape recorder. While in this store mode the low rate
science data mixed with engineering will be transmitted
in real time.

The stored high rate science data will be transmitted
after planetary encounters during a specified portion
of an orbit or orbits (while low rate science is being
stored). During the gaps in the high rate science data,
both real time engineering and stored low rate science
will be transmitted.

Transmission of science instrument calibration data on
command during cruise and orbital operation phases.

© 2.3 Design Tradeoff and Implementation

2.3.1 PCM Encoder

This section discusses various PCM encoder design tradeoffs

relating to efficient analog multiplexing, analog-to-digital conversion,

and programming of data mix.
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Figure 3-45 is simplified block diagram of the proposed PCM
encoder which is sized to match the engineering data format require-
ments. Although this design specifically is sized for these formats,
the basic concepts and logic are easily expanded or contracted to meet
additional format requirements. The functional blocks which are shaded

(cross hatch) do not form part of the PCM encoder.

As shown in the diagram, the main functional blocks are:

° Programmer

° Multiplexer

° Analog-to-digital converter
° Combiner

° Capsule buffer

° Data programmer
™ Data /PN modulator and mixer
e Command control unit

The programmer provides the necessary control signals to
the multiplexers for main frame and subframe selection of analog and bi-
level gates. Additionally the programmer supplies timing pulses to the
analog-to-digital converter to derive frame synch and subcommutator
identification. Also, as shown, the programmer supplies timing signals
to the DAE, bulk storage and buffer store. The programmer derives the
bit rate clock from the CS and C unit. Consequently, bit rate selection

is performed by the CS and C.

The multiplexer provides isolation and selection of analog

and bi-level inputs at the main and subframe rates.

The analog-to-digital converter encodes each analog input to
a seven bit word. The combiner serves to interleave the encoder analog,
bi-level and capsule data with identification signals in a serial time

multiplexed wavetrain.
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TIMING SIGNAL TO DAE, BULK STORAGE

« BIT RATE

+ WORD RATE
« FRAME RATE

!

COMMAND SIGNAL
FROM CS AND C AND DAE

BIT RATE COMMAND
FROM -] PROGRAMMER CONTROL  |—am CONTROL SIGNALS
CSAND C UNIT TO DAE
FROM CS AND C
et
FORMAT 2fs  4fs
D
ANALOG ) ()
INPUTS ANALOG | ANALOG-TO- DATA DATA AND OUTPUT
MULTIPLEXER DIGITAL COMBINER CRAMMER PN MOD- o=
BILEVEL CONVERTER PRO E MIXER
INPUTS
BILEVEL SIGNAL * 4
ELAPSE SCIENCE
TIME DATA FROM
FRAME SIGNAL DAE
SYNC
: SUBCOM-
NO. 1~ MUTATOR DATA |DATA TO
APSULE
CAPSULE CDAM D FROM | BUFFER
DATA DATA BUFFER
BUFFER
NO. 2—m] FROM
BULK
STORAGE
HIGH RATE
e 7 2108 s 105 BITs
. viDEo  —™¥2 BULK STORAGE LY 8UFFeR STORAGE
+ SCAN (TAPE) 7 (CORE) %

Figure 3-45. Simplified Block Diagram of PCM Encoder

The data programmer provides the function for a single data

selection or mixing a combination of data sources as shown:

] Engineering data

° Data from bulk storage

° Data from buffer storage

° Low rate science data irom DAE

Also this logic provides the necessary modes and data format

interleaving described in section 2. 2. 5.

The output binary data from the data programmer modulates
a 4fs subcarrier. The output of the data subcarrier is linearly mixed with

the output of the PN synch subcarrier.
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The capsule buffer provides the means of buffering capsule

data. Two capsule data trains are fed and stored separately.

The command control unit provides control signals to the DAE
data programmer and data storage in order to alter the operating modes
of the data handling subsystem. Additionally the command control re-

ceives inputs from the CS and C and DAE.

Figure 3-46 is a more detailed block diagram which shows a
functional breakdown of each basic portion of the simplified block diagram
of Figure 3-45 (such as programmer, multiplexer and data/PN modula-

tor and mixer).

The design of the PCM encoder will make maximum use of
proven reliable integrated circuits wherever feasible in order to reduce

weight and volume.

b. Analog-to-Digital Converter Design Approach

The technique of analog-to-digital conversion and sampling

of the analog inputs strongly influences the implementation design of the
programmer analog multiplexer and in general the efficiency of the

complete system.

The effects relate to speed of operation, encoding error and
complexity of logic. Various techniques could be used to make an analog
conversion to 1 part in 128 and having the necessary speed. A ramp
encoding technique could be used but requires a high speed clock and
counter (74 Kb/sec). Successive approximation provides a reduction in
speed since an ''n'"' bit conversion can be made in ''n'' bit times. This is
the technique proposed here which provides an effective logic rate of
4096 bits/sec. Additional advantages of successive approximation tech-
nique are the stability of the digital to analog decoding which only de-
pends upon the semi-conductor switches and stable resistors. This is
in contrast to the uncertainty of stability for a capacitor and current

source which might be used for ramp encoding.
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Also pertinent to the design of any analog-to-digital converter
is the aperture error which arises from noninstantaneous sampling and
conversion to digital form. Previously, the computation of this error
has been undertaken on a pessimistic peak error basis or by an optimis-
tic analogy to aperture errors in PAM systems. However, a more exact
analysis of the aperture error is based on calculating the average error
instead of the peak error. It can be shown that in order to maintain the
average aperture error less than 1 /2 of a quantization level, for 7 bit
quantization, the aperture conversion time T must be no more than 5.3

degrees of a full scale sine wave.

Table 3-22 shows the maximum data frequencies possible for
the case where aperture error (based on 1/2 quantum error) limits the

upper frequency or sampling rate is the limiting factor.

Based upon the premise that data frequency requirements will
never exceed that alloted for the aperture error, the use of sample and
hold or compressed analog-to-digital conversion techniques are not

required.

Figure 3-47 is a simplifieddiagram of the analog-to-digital con-

verter technique which consists of analog-to-digital logic gates, a 7 list

QUTPUT BINARY
DATA
REFERENCE
TIMING SIGNAL SUPPLY
T]—T7 FROM PROGRAMMER

ANALOG

ANALOG-TO-DIGITAL DIGITAL-TO-ANALOG
P _
COMPARATOR v LOGIC 7 BIT REGISTER DECODER

REFERENCE VOLTAGE

Figure 3-47. Converter
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register (flip-flops a, through a, not shown) a digital-to-analog converter

(switch and ladder adder) and reference supply.

The timing signals (T1 through T7) from the programmer
provide sequential sampling pulses to the analog-to-digital converter. The
digital-to-analog logic consists of the logic and binary elements whose
states are decoded by the digital-to-analog switches and resistive ladder
adder. The adder output is the trial reference analog voltage which

covers a 0 to 3 volt range in quantized steps of 3/128 volt.

The truth table, as shown in Table 3-23 describes the logic
necessary to achieve successive approximation. As shown by the truth
table, pulse T1 clears old states of the analog-to-digital register except
the most significant weight. Therefore the output of this binary weight
as decoded by the ladder adder causes a trial voltage of half the full
scale value, or 1.5 volt. For subsequent times the decision is made
whether the analog input is greater or less than half scale value of the

last reference voltage.

Table 3-22. Comparison of Data Frequencies as a Function
of Aperture and Sampling Times

Frequency as Main Frame Frequency as

Bit Aperture a Function of Data Sampling a Function of
Rate Time Aperture Rate Sampling Rate
(bits/sec) (in sec) Time (cps) Samples/sec (cps)
=3

4096 1,71 x 10 8. 30 9.12 3. 65
2048 3.42x 107> 4.25 4.52 1.82
1024 6.84x 107>  2.12 2. 26 0. 92

128 54.72x 107> 0.26 0.28 0.12
Note:

1.  Frequency of the sine wave signal with average aperture

error less than 1/2 of quantization error (7 bits)

2. In order to reconstruct the sine wave signal the sampling
rate must be greater than 2. 0 times that of the highest
signal frequency; 2. 5 is assumed above
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Table 3-23. Truth Table for Successive Approximation
Analog-to-Digital Converter
Logic Timing
Flip-Flop State T, T, T, T, T5 Ty T,
a; 1 T1
0 TZVc
a, 1 T2
0 T, T3VC
ag 1 T3
0 Tl T4Vc
a, 1 T4
0 Tl T5VC
ag 1 T5
0 T, T6Vc
ag 1 T6
0 T, T7Vc
a, 1 T7
0 T,
c. Analog Muitiplexer Design Approach

The function of analog multiplexing is to electrically connect

each signal source in turn to the analog-to-digital connector while dis-

connecting all other

signal sources. The multiplexer should be capable

of performing the connections and disconnections as rapidly and accu-

rately as possible in accordance with the required word rate and system

accuracy. In general the analog multiplexer must fulfill the following

requirements:
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1) Accept input voltages from 0 to 3 volts
2) Withstand reasonable fault voltages
3) Cause minimum offset

4) Have a gate off and power off impedance greater than
10 megohms

5) Have minimum leakage currents to and from analog
source

6) Cause minimum cross talk

7) Minimum power requirements

8) Simplicity of hardware
9) Maximum reliability
10) Reasonable failure modes

Several types of analog gates were analyzed and the results
shown in Table 3-24.

Table 3-24. Analog Gates Comparison

Input
Imped-
ance Type
(power Cross of
Fault Offset off and  Leakage Talk Gate
Isolation Voltage gate off) Current Error Drive Weight Speed
1. Gated compara- high none high low none DC light high
tor for each
input
2. Gated differen- poor small high low small DC light medium
tial amplifier
3. Diode high high poor high medium DC light medium
4. Bright switches
a) transformer high low high low small AC high medium
coupled
b) capacitor poor low high low small AC medium medium
coupled
c) isolated power high low high low small DC medium medium
supply for
multiplexer
5. Field effect tran-
sistors switcher
a) metal oxide high none high low small DC light medium
silicon
(enhancement
type)
b) standard type poor none poor low small DC light medium
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Based on the information listed in this table the metal oxide
silicon type is favored over the others listed. The metal oxide silicon

provides very high fault mode protection and low DC drive requirements.

d. Capsule Data Buffer Memory Design Approach

The capsule data is a non-return-to-zero serial train of
coded data at a rate of 10 bits per second. Since the data rate is not
compatible with the telemetry bit rate, the buffer storage is required in
order to intermix capsule data with engineering data (Format C). Two -
448 bit storages are used for each capsule data line. While one buffer
is accepting data from the capsule, the other will be read out at the
commanded telemetry bit rate. If the read out rate is faster than the
storing rate (10 bits/sec) zero's will be read out. At the lowest tele-
metry bit rate (128 bits/sec) the capsule data will be sampled on a duty
cycle basis. The proposed buffer consists of coincident current memory
(16 x 28) and its associated drivers. The advantage of this approach is
low weight and power consumption because of its low duty cycle. The
use of shift registers is precluded for this size storage capacity since
the equipment complexity increases linearly with the number of bits as

compared to the square root increase using a matrix memory.

e. PN Code Generator Design Approach

The PN code generator consists of a six-bit shift register
and exclusive-or circuit whose output is shifted into the first bit register.

By this technique 2% _1 selection states (63) will be obtained.

By selecting (and'ing) the output of the six register (flip-
flop), the word and bit sync signals are generated. The use of core-
shift register is precluded because of its high average power consump-
tion at the high bit rate. Integrated flip-flop circuits appear to provide

the simplest configuration with the requirements of low power.

f. Programmer and Logic Design Approach

A general design consideration for logic operation is the
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merits of synchronous or clocked logic versus nonsynchronous or
"ripple' type. In the asynchronous method of counting, pulses to each
flip-flop are provided by differentiating the change of state. This method
has disadvantages in that deterioration of rise and fall times or ampli-
tude of any flip-flop output in the count down chain can prevent the next

stage from being properly triggered.

Additionally the propagation delays in the count down chain
may in some instances be critical. Synchronous logic is based upon
using the flip-flop states to control logic gates which are sampled by a

clock. Consequently the change of state characteristics are less critical,

therefore this latter approach is favored.

2.3.2 Buffer Storage Unit

a. Requirements

The buffer memory provides storage of 115 K bits of data.
This data is written into and read out in a serial fashion at bit rates

ranging from 128 to 4096 bits/sec.

b. Memory Organization

Several methods of organizing the memory have been con-
sidered in attempting to optimize the design relative to the requirements
of low weight and power and high reliability for the Voyager program.
While it is possible to operate a random access memory in a sequential

mode by using a counting address register, this results in a considerably

oy
(=]
are used. Therefore, such magnetic ring counters have been chosen for

accessing the memory plane.

This method of operation has been used in the past several years

by TRW Systems in such programs as Vela and Pioneer with success.

Although the requirements for the memory are for bit-serial input
and output, it would be highly inefficient to operate the magnetics in that

manner. Such an organization, accessing one bit at a time, would
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involve a very extensive drive system, and operating power considerably
higher than if a number of bits were accessed in parallel. Since it is
impractical to link all the cores of a 105 bit capacity memory with a
single sense winding or digit winding, multiple circuits for those func-
tions are required in any case. In the proposed design, 12 matrices

are used, with slightly over 10, 000 cores within each. Using a time-
staggered drive, excellent signal to noise ratio is obtainable with this
size matrix, and the DC resistance and inductance of the digit winding

is not excessive.

Serial to parallel conversion of input data is obtained by
applying the incoming data to a 13 stage flip-flop register which operates
as a shift register. The extra stage is used as a "flag'' bit. Initially,
the first of these flip-flops is forced to the binary '""ONE'' state, while
all other stages are forced to the binary "ZERO" condition. Each clock
pulse then shifts the data, and on the 12th clock pulse, the flag bit
reaches the 13th stage. This activates the memory, storing all 12 data

bits in parallel, after which the input register is again cleared as before.

In the read/restore mode, each of the 12 matrices provides
one bit of data in parallel, and after the restore action, clock pulses
shift the data through the output register to provide bit-serial interface

format.

The diagram of Figure 3-48 shows the organization of a
sequential core memory driven by transistor switch ring drivers. The
storage consists of 12 indentical matrices, each having 104 columns and

99 rows of driven cores. Thus 115, 000 bits of storage are provided.

During the read phase operations the two half select currents
in the X and Y axes of the drive select one core in each of the ten matrix
planes and the resulting sense signal is amplified by sense amplifiers

and transferred to a 12 place flip-flop output register.
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Figure 3-48. Simplified Block Diagram of Core Memory

During the write phase of operation the transistors are con-
nected to provide a current in the opposite direction through the stack by
means of a second set of current stabilizers, thus providing the required
conditions for writing new data into the accessed bit. During this write
beat, the data input lines to the memory control a set of digit drivers
which operate individually on those matrices where the data to be written

is a binary zero.
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The core storage matrix contains four wires through each
core: X, Y, sense, and digit. For optimum reliability a continuous
wiring technique is used in stringing the X and Y drive lines. Asa
result, more than 7, 000 soldered joints are eliminated. This method
has been used extensively and experience has shown that higher reliabil-

ity and greater tolerance to high level shock and vibration results.

The use of a coincident current organization of the memory
permits a minimum number of semiconductors with resulting high
reliability. To provide substantial design margin for the Voyager en-
vironment, the isodrive type memory core is used. This core is
superior to any other ferrite storage core presently available. It has a
lower temperature coefficient than lithium types, and far greater tem-
perature tolerance than conventional magnesium manganese cores. KEven
more important for the memory the isodrive core has a considerably
better squareness ratio over the entire temperature range from -55 to
100°C than any other core exhibits at midrange temperature. This
increased squareness ratio provides greater operating margins for the
system since considerably greater degradation of other component param-
eters such as drifts in semiconductors, resistors, etc., can be tolerated

without memory error.

2.3.3 Tape Recorder

a. General

The following is a sample implementation of a tape recorder

based on preliminary investigations to show feasibility of meeting the
bulk storage requirements and not as a final decision on implementation.

The basic input/output requirements and storage capacity
dictate how the tape recorder system must be implemented. The input/

output serial data requirements are:
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Input data rate:

Output data rate:

Word format;

Bit storage:

163, 812 bits/sec

1) 4096 bits/sec
2) 2048 bits/sec
3) 1024 bits/sec

*7/bits word

1 x 102 bits

The output data must be synchronized to the spacecraft

stable clock.

\"‘WWMMon

Based on these requirements, a review of the parameters of

satellite recorders which are available today, and discussions with tape

recorder manufacturers (Ampex, Consolidated Electrodynamics,

Kinelogic, R. M. Parsons, Lockheed Electric, Raymond Engineering,

and RCA-AED), the following basic guide rules for developing a repre-

sentative tape recorder unit were chosen. This data does not represent

absolute limits but rather levels which are conservative, proven, and

available in off-the;shelf units.
Tape length

Tape speed

Packing density

Write/read ratio

Speed change for a

single motor

1000 feet

Low limit: 0.1 in. /sec

High limit: 30 in. /sec

Multiple tracks: 1000 bits/sec

Single track: 2000 bits/sec

F3
The video word is 6 bits, but since the tape recorder is not concerned
with the word length and word sync for 7-bit words is available for
both the write and read modes, it was decided that a 7-bit word would

be most convenient.
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After carefully reviewing several configurations it was
finally decided that a reasonable set of compromise parameters for a

sample implementation would be:

Data tracks 7
Clock track 1
Data gap track 1
Packing density 1200 bits/in.
per track
Tape length 1200 ft
Tape speed
Write Mode: 19.5 in. /sec

Read Mode: 1) 0.4876 in. /sec
2) 0.2438 in. /sec
3) 0.1219 in. /sec
Write/read ratio
Read Mode: 1) 40:1
2) 80:1
3) 160:1
A comparison of these parameters with the previous list of
idealized parameters will show the only major deviation to be in the
write/read ratio. This number cannot be reduced without changing the
system requirements, since, in a serial input/output system of the
type being discussed, the system design parameters dictate the ratio,
not the machine design. The numbers chosen reflect the best compro-
mise of design parameters as they exist today for state-of-the-art

design. Considering that these parameters are acceptable, certain

approximations can be made concerning the size, weight, and power re-
quirements based on machines presently being built either for satellite
use or in connection with design studies of satellite recorders. The

approximations are:
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Size: 350 in>
(roughly 9 x 9 x 4. 25)

Weight: 12-15 pounds

Power: Write Mode: 10-15 watts
Read Mode: 5 watts

The use of integrated circuits wherever possible will help
reduce the volume and weight. Integrated circuits can be used for flip-

flops, gates, and read amplifiers.

Write Mode. The serial non-return-to-zero input data is

amplifiers. The data is transferred to the tape via the write amplifiers
under the control of the word clock. This requires three inputs from
the spacecraft system, a data bit signal, a word clock, and a bit clock.
Recording the write clock on tape provides a synchronizing signal during

the playback mode.

One consideration during the write mode would be to use
phase shifted clock for writing data so that a clock which occurs in the
center of a data bit is stored instead of a clock in phase synchronization
with the data. This will allow easy implementation of a strobe pulse for

reading data out of the read amplifiers furing the read function.

Read Mode (Synchronization Technique). To meet the data

output synchronization between tape recorder data and the spacecraft
clock requirements, a servo loop must be used in the read mode to
control the rotor speed, hence the tape speed. Units have been designed
using hysteresis synchronous motors (without servo control) which

demonstrated + 0.1 per cent tape speed control. On this basis,

considering the use of a phase lock servo system, a tape speed control
better than this, which will limit the accumulation of speed variation to
a period of a few seconds, appears feasible. Therefore, a system

which will allow a time displacement of approximately + 7 bits on a bit-
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to-bit basis between the tape recorder and the system clock, assuming
the servo uses the spacecraft clock as a reference for error generation,

should be more than feasible.

Examining Figure 3-49, it can be seen that a plus and minus
one word or plus and minus 7-bit variation is provided in the sample
implementation. Data is '"'read'" into one of the three buffer registers
under the control of a read-in pulse. The pulse is generated from the
tape recorder clock, which was recorded at the same time as the data.
The leading edge of the tape recorder clock is used, with a delay tech-
nique, to produce a read-in pulse which strobes the data out of the read
amplifiers during the center of the read bit period. This reduces the
problem of noise as well as limiting the read-in time to the minimum
possible for reliable operation. A divide-by-three counter is used to

read-in the data to the correct buffer in a count sequence.

The readout of the data is accomplished by use of the

spacecraft clock and a divide-by-three counter. A spacecraft word

clock and bit clock are combined to produce seven shift pulses via the
divide-by-three counter to read-out the correct buffers in a count

sequence.

An output gate (and/or) is used to combine the buffer outputs

in the correct sequence to produce the reassembled serial data.

Note that no effort is made to synchronize the read-in/
read-out logic. This is accomplished by the servo system and will be

discussed in the next section.

Speed Control. The operational description of the read/

write block diagram (Figure 3-50) shows that under ideal operating con-
ditions synchronization should be between the start of the first bit of a
word being read out, tothe parallel read-in pulse for the information
being read-off of the tape. In considering this condition, it can be seen
that one of the reference points discussed can vary plus and minus 7
bits before improper operation occurs. Figure 3-49 is a timing dia-

gram showing the idealized conditions.
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Figure 3-50.

Read/Write Block Diagram
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If the word 1 bit 1 shift pulse is used as a toggle input to one
flip-flop and the read-in word 2 pulse is used as a toggle input to a
second flip-flop, the outputs of these two flip-flops could be used as
inputs to a phase detector to generate a DC-error signal which would
represent the time positional error of the tape. This DC error could
then be used as an input to a variable controlled oscillator (VCO) to
develop a frequency change. The VCO output is shaped into a square
wave and counted down so as to produce two 400 cps square waves
which are time displaced by 90 electrical degrees. These signals via
power amplifiers are applied to the two windings of a hysteresis motor.
As phase variations which deviate from 180 electrical degrees develop
between the output of the toggle flip-flops, the motor speed will be
altered to bring the phase shift back into the correction 180-degree

relationship. Figure 3-51 is a block diagram of the technique described.

At start up a continuous change will be in the error signal
as the system approaches the phase lock condition. The design will be
implemented so that the DC error voltage will be narrow enough, repre-
senting about 400 + 1 cps, so that the motor will approach the designed
speed. As the motor approaches the phase lock condition, the servo
control loop will come out of saturation, taking over control of the

motor speed.

Once the servo loop is in control, the correct time relation-

ship will exist between the spacecraft read- out clock and the tape

SPACECRAFT
CLOCK

WORD 1 —| TOGGLE | iODEG - - POWER
BIT FLIP-FLOP + DC ERROR 1600 4 AMPLIFIER [
PULSE CPS
|| 400 cps O/ 9 DEG
PHASE ® veo COUNT TO MOTOR
— 1 DETECTOR DOWN WINDING S
[ ] 400 CPS f 90 DEG
TAPE 180 DEG 1600
RECORDER _] TOGGLE || LB CPs POWER
\;VUOLEIE) 2 FLIP-FLOP +4 O AMPLIFIRR [

Figure 3-51. Motor Servo System

3-170




recorder read-in clock. Therefore, no special start logic in the data

buffering logic is needed.

The system examination has been based on the 4096 bits/sec
data output rate. At the other output rates the word jitter created by
erratic tape movement will increase. However, the servo loop recovery
time requirements will decrease because of the lower output data rates.

No particular problem is anticipated due to the reduced data rates.

Speed Change. Speed change as presently envisioned will

——— accomplished by logically changing the motor input synchronizing
\
frequency and the spacecraft data clock inputs during the-read mode. |

This will be accomplished under the control of the spacecraft command

system. The three speed read-back requirement will necessitate a
development effort to determine whether it will be more optimum to use
a single motor that operates at three speeds, or a single motor that
operates at a single speed with a mechanical switching arrangement to

obtain the 3 speeds, or possibly the need for multiple motors.

Erase Technique. Several erase techniques are possible.

The use of a permanent magnet or an AC erase head are under study.
Also being studied is erasing by simply writing over previously recorded
data-. The latter approach appears the most desirable since it does not
need any erase circuitry. This technique is preferred but will be inves-

tigated to assure an adequate signal-to-noise ratio.

Command System. With the planned use of redundancy a

simple command system which utilizes the tape recorder status informa-
tion to automatically sequence the tape recorders is being considered.
The command arrangement will also allow individual control of either

tape recorder unit.

Data Gap Indicator. The purpose of the data gap indicator

is to detect the absence of data during the playback mode to allow in-
sertion of other data in the output. The technique planned is to utilize

a separate ''trash' or ''narrative'' track to indicate when data is present
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and when data is absent. The circuit used will be designed to ignore
a momentary dropout. The signal output will be a discrete where a low

level indicates the presence of data and a high level the absence of data.

Further study is required to devise a simpler method re-

quiring less hardware.

b. Transgort

Reel Configuration. Several reel configurations are avail-

able. After considering the advantages and disadvantages, a reel-to-

reel inline technique is considered the best choice.

Reel-to-Reel Inline Configuration. This is the simplest

system, is the best-known and the easiest to implement. It, however,
does not produce minimum induced angular momentum. It also does
not provide the simplest technique for negator spring tape tensioning.
It is the simplest technique for isoelastic drive technique. A simple

mounting base provide